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1 Introduction

1.1 Document Structure

This document describes the Algorithm Theoretical Basis for six different multifrequency
approaches to retrieve snow thickness over all types of sea ice surfaces in the Arctic. This
includes approaches for our two main streams of snow thickness product derived from: (1) from
satellite Ku-band and Ka-band radar altimetry, and (2) from satellite Ku-band radar and laser
altimetry, over the ‘operational period’ for polar altimetry from 2013 to present.

The goal of the ATBD V2 is to finalize the different processing methodologies after the
experimental snow thickness datasets have been validated against a suite of independent
observations (in situ, airborne and snow modelling products) and an optimal snow product has
been identified in WP4.

Project requirements are described in D2.1 Requirement Baseline Document (RBD).
Dataset collection for this project is described in D2.2 Dataset User Manual.

Some information about error estimation of the products and comparisons to independent
datasets are already discussed in this document, but have been further expanded upon in the
validation report D3.2. (Delivered in WP4)

1.2 Document Status

This is the second version of the ATBD, issued as part of WP3 of Polar+ Snow on Sea Ice.

Commercial in confidence Polar+ Snow. ATBD-2




LR e\q R"'l
LEGOS b FM | Reference : Polar+_D3.1_ATBD_V2
d L ‘\ Polar+ Theme 1

" RO Version  :2 pagel2

Snow on sea ice
@ IWI Date : 06/03/2022
UNIVERSITY OF LEEDS

2 Motivation

2.1 Role of snow in sea ice thickness retrievals

The climate of the Arctic is changing rapidly with well documented repercussions on the sea ice extent,
thickness, speed and ice age among other characteristics (Stroeve & Notz, 2018). Changes in the snow
cover on the other hand remain harder to monitor with limited in-situ and airborne observations
(Shalina et al, 2020) covering only parts of the Arctic basin and biased towards the spring season (see
WP2). Webster et al (2014), compared over the central Arctic and Canadian archipelago the Warren
climatology (Warren et al., 1999) of the 1950s-1990s to an updated climatology over the Operation
IceBridge (OIB) period 2009-2013 and found a decline in snow depth of 37% and 50% over first year
ice (FYI) and multi-year ice (MYI) respectively. This decline contrasts with very deep snow measured
in the Atlantic sector during the N-ICE2015 campaign (Merkouriadi et al, 2017) while new in-situ snow
measurements are currently being collected as part of the MOSAIC expedition.

Every year, snow accumulates on the surface of the sea ice cover from the end of the summer season
(September) and the snow depth grows steadily until the end of winter when it stabilizes at roughly
20-30 cm up until the beginning of the melt season (May) (Figure 1). At that time, the melt of the
entire snow layer happens suddenly over a period of less than 2 weeks leading to the formation of
melt ponds and resulting in a significant decrease of the albedo at the surface of the ice throughout
the summer season.

- ERA-1 FAERRAZ
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Figure 1 - Seasonal pan-Arctic snow thickness evolution for the Warren climatology (Warren et al, 1999) and the
SNOWMODEL (Stroeve et al., personal communication) forced with two different reanalysis products.

All remotely sensed sea ice thickness data derived from laser or radar altimetry require auxiliary
information about the snow accumulation upon ice. The snow depth and density needs to be
estimated to account for the loading effect above the radar altimeter freeboard or to account for the
portion of the laser altimeter freeboard that is snow rather than sea ice. Hence there is a distinct need
to understand the depth, density and distribution and impact of snow on sea ice. The shift in the Arctic
sea ice regime toward a predominantly seasonal ice pack also means that climatological snow
information collected prior to the 1990s (e.g. Warren et al., (1999)) may not be as pertinent as it once
was. Without sufficient knowledge of the snow cover, we cannot address important scientific
questions such as the significance of sea ice mass decline as accurately as is necessary.

Commercial in confidence Polar+ Snow. ATBD-2
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Figure 2 - Schematics of the radar altimeter CryoSat-2 (top left) and laser altimeter ICESat-2 (top right). The sea ice
thickness for varying radar (bottom-left) and laser (bottom-right) freeboard and snow depth.

To illustrate the importance of snow depth for linking radar and laser altimeter-derived sea ice
thickness, consider a sea ice floe with sea ice freeboard of 15cm and a snow layer depth of 20cm
(Figure 2). For typical densities of sea ice, the ocean surface and snow of 920kgm™3, 1024kgm™ and
320kgm3, the sea ice thickness is 2.1m. However, if the snow layer depth is unknown and is taken to
be a climatological value of, say, 30cm, the resulting thickness calculated from a laser altimeter will
be 1.4m, and the thickness from a radar altimeter will be 2.6m.

One of the most significant limitations introduced by using the adapted Warren climatology to
represent pan-Arctic snow depth on sea ice is the absence of spatiotemporal variability. Applying the
adapted Warren snow depths to altimetry freeboard observations truncates the resulting sea ice
thickness distribution, so that the mean ice thickness is approximately correct, but the quantities of
thinnest and thickest ice are underestimated. Applying a numerical snow evolution scheme with more
realistic spatiotemporal variability (SNOWMODEL-LG) to calculate pan-Arctic sea ice thickness leads
to a much wider and more natural ice thickness distribution (Figure 3a). The differences in sea ice
thickness estimated from Warren versus SNOWMODEL snow depths can be >1 m (Figure 3b).
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Figure 3 - (a) Probability density functions of the 25-km gridded pan-Arctic sea ice thickness calculated using the same
radar freeboards in March 2014, but two different snow depth maps: (i) the Langrangian snow evolution scheme
SNOWMODEL-LG and (ii) the adapted Warren 1999 snow climatology. (b) The sea ice thickness calculated with
SNOWMODEL-LG minus the sea ice thickness calculated with the Warren 1999 snow climatology.
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2.2 Project objectives

The primary objective of this project is to investigate multi-frequency approaches to retrieve snow
thickness over all types of sea ice surfaces in the Arctic and provide a state-of-the-art snow product.

Our approach follows ESA ITT recommendations to prioritise satellite-based products and will benefit
from the recent ‘golden era in polar altimetry’ with the successful launch of the laser altimeter ICESat-
2in 2018 complementing data provided by the rich fleet of radar altimeters, CryoSat-2, Sentinel-3 A/B,
AltiKa. Our primary objective is to produce an optimal snow product over the recent ‘operational’
period.

This will be complemented by additional snow products covering a longer periods of climate relevance
and making use of historical altimeters (Envisat, ICESat-1) and passive microwave radiometers for
comparison purposes (SMOS, AMSRE, AMSR-2). In addition to snow thickness, and as a secondary
objective, we will explore other snow characteristics (snow density, snow metamorphism, scattering
horizon, roughness, etc) and compare these results with in-situ, airborne and other snow on sea ice
products including from model studies and reanalysis on drifting sea ice products.

WP 3 WP 4 WP 5
WP 1 Prototype Experimental et WP 6
o WP 2 Scientific s
Scientific Development Data Set : Scientific
: Dataset . Analysis and
Requirements Collection and Generation Impact Roadmap
Consolidation Lead: UoL Validation and Assesr;ment Lead: AWI
Lead: UCL Con tril.J - Lead: UIT Validation: Lead: FMI Contributors:
Contributor: l;)CL Yl;l I?MSI Contributors: Lead: LEGOS Con tri.bu - UCL, LEGOS,
AWI T UCL, Uol, Contributors: L UoL. UoL, UiT
LEGOS, AWI UoL !
P 7 Promotion and Coordination Lead: UCL
WP8 Management Lead: UCL

Figure 4 - OIB theoretical freeboard — CS2 freeboard vs CS2 PP for the calibration period 2011 - 2016. Linear regression
coefficients (blue line) and standard error (shaded line) are shown in the inset.

The objectives of the Polar+ snow on sea ice activity are to:

e Better understand, quantify and document the snow depth penetration from laser, Ka and Ku
band radar altimetry measurements function of the snow characteristics (density,
temperature, salinity).

e Collect, analyse and exploit the most extensive multi-source in-situ and airborne datasets
from EU (e.g., from ESA CryoVex airborne campaigns , MOSAIC ...) and non -EU pan Arctic
campaigns as well as existing long-term observations in order to confirm information content
at each frequency and document validity and robustness of altimetry-based freeboard and
snow-depth products.

e Generate improved multi-sensor snow depth products over the Artic Sea-ice for:
o Altimetry-based sea-ice freeboard and thickness computation

o Climate applications both related to the Cryosphere and the Polar Ocean
thermohaline circulations

Commercial in confidence Polar+ Snow. ATBD-2
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e Demonstrate the scientific impact of the generated product though a number of scientific
studies focusing on major science questions in Arctic research where the snow on sea ice
information may provide a novel contribution to science and open the door to potential future
applications.

o Develop a scientific roadmap providing recommendations to ESA to further advance in the
use of EO technology and satellite missions to address the main knowledge gaps and scientific
challenges associated to snow on sea ice.

The Algorithm Theoretical Baseline Document addresses the first three of these objectives: (1)
providing an improved understanding of multi-frequency radar scattering by snow and sea ice, (2)
exploiting in-situ and airborne datasets from EU and non-EU field campaigns to develop new satellite
snow depth products, and (3) describing the key methodologies we will use to generate an optimal
altimetry-based sea-ice freeboard and snow depth product.

2.3 Document objectives

This document is our study’s Deliverable 3.1, the Algorithm Theoretical Baseline Document (ATBD). It
summarizes the results of WP3 of the study: developing the algorithms and prototype Multi-
Frequency snow thickness and error analysis for our two main streams of radar-radar and radar-laser
products. Following development of the methodology. It includes contributions from WP 3.1
“Development of prototype products and their validation Ku Radar — Ka Radar (KuKa) Algorithm:
Development and Prototype” and WP 3.2 “Development of prototype products and their validation
Ku Radar — Laser (KulLa) Algorithm: Development and Prototype”. It lays the foundation for
experimental dataset generation, validation, and identification of an optimal snow thickness product
in WP4,

The WP3 tasks are broken down into the following sub-tasks:
WP3: Development of prototype products and their validation

T3.1: Introduction to the document

T3.2: Motivation for the project, project and document objectives

T3.3: Prototype Ku Radar — Ka Radar (KuKa) snow thickness retrieval algorithms
T3.4: Prototype Ku Radar — Laser (Kula) snow thickness retrieval algorithms
T3.5: Optimal interpolation algorithms for gridding data

T3.6: Preliminary intercomparison of gridded data products

T3.7: Outlook

Inputs required to Start:
° SoW [EOP-SDR/SOW/087-17/DFP]
e  Proposal [UCL-PRO-19-MT1]
e  Requirement Baseline Document [UCL_PRO_2020_1_MT]
e  Dataset and Description Document [Polar+_D2.2_Dataset_Description_Document]
Task Description:
e WP 3.1.1 Radar freeboards —S. Fleury / I. Lawrence / M. Tsamados / J. Landy
o LRM
o SAR

Commercial in confidence Polar+ Snow. ATBD-2
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Outputs:

WP 3.1.2 Retrieving snow and ice freeboards
o Calibration technique
o Bias correction technique
o Bias corrections
o Uncertainties
WP 3.1.3 Fusion algorithm —S. Fleury / |. Lawrence
WP 3.1.4 Error analysis — S. Fleury / |. Lawrence / M. Tsamados
o Modelling the snow pack characteristics — R. Mallett, M. Tsamados
o Ka/Ku radar penetration into the snow - M. Tsamados, S. Fleury
o Role of snow and ice roughness —J. Landy, M.Tsamados, S. Fleury
WP 3.2.1 Laser freeboards — I. Lawrence / M. Tsamados / J. Landy / S. Hendricks
WP 3.2.2 Retrieving snow and ice freeboards
o Calibration technique
o Bias correction technique
o Bias corrections
o Uncertainties
WP 3.1.3 Fusion algorithm —|. Lawrence
WP 3.1.4 Error analysis — |. Lawrence

Contribution to D3.1.1 KuKa Algorithm Theoretical Baseline Document (ATBD-1)
Contribution to D3.1.2 KuLa Algorithm Theoretical Baseline Document (ATBD-1)
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3 Prototype Ku Radar — Ka Radar (KuKa) snow thickness retrieval algorithms
3.1 Bias correction methodology (Guerreiro et al., 2016; Garnier et al., 2021)

3.1.1 Datasets

The Altimetric Snow Depth product (ASD) is fully presented in Garnier et al. (2021). It is an upgraded
version of the data presented in Guerreiro et al. (2016). The ASD product is provided in 500x500
EASE2 grids with a 12.5 km pixel size resolution. It is provided on a monthly basis for the six winter
months.

To compute the ASD data, we use the L1b CryoSat-2 Baseline C waveforms in Pseudo Low Resolution
Mode (pLRM) extracted from GOP (Geophysical Ocean Products), generated by the ESA CryoSat
Ocean Processor (Bouffard et al., 2018). The Ka-band SARAL/Altika waveforms are extracted from
the Centre national d’études spatiales (CNES) SGDR-T (Sensor Geophysical Data Record) official
products.

3.1.2 Snow thickness algorithm

Snow depth calculations are based on the difference of penetration between the Altika Ka-band range
altimeter of SARAL (assuming it is reflected at the air/snow interface) and the SIRAL Ku-band range
altimeter of CryoSat-2 (assuming it is reflected at the snow/ice interface). The main assumption is that
the difference between these two surface elevations is only due to the penetration of the Ku-band
radar, and that the Ku-band radar penetrates fully to the snow/ice interface. The validity of this
hypothesis will depend on the space and time variability of snow properties such as snow density,
grain sizes, the liquid water content or the surface roughness. Since AltiKa and SIRAL operates in Low
Resolution Mode (LRM) and SIRAL operates in Synthetic Aperture Radar (SAR) mode over sea ice
surfaces, they have different footprints, as it is illustrated in Figure 5. The AltiKa footprint is about 8-10
km diameter while the SIRAL footprint is about 300 m in the along-track direction and as large as the
antenna's cross-track footprint of about 15 km. As a consequence, the impact of the surface roughness
is very different on the two signals. The use of a degraded version of the CS-2 SAR waveforms (the
pLRM mode) allows to have a footprint (of about 15 km diameter) in better accordance with the LRM
mode of SARAL/AIltiKa waveforms, with comparable impacts of the surface roughness.

Commercial in confidence Polar+ Snow. ATBD-2
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Surface in the radar returning echo CryoSat-2 pLRM footprint
is mainly located at Nadir in SAR Mode ~ 10 km
~ 1? km —> Low impact of surface roughness

~300m i0Sat-2 SARM footprint

SARAL LRM footprint
__» high impact of surface roughness

Y on the range retrieval )

high impact of surface roughness
comparable on the 2 range retrievals

Figure 5 — Schematic representation of the footprints of SARAL and CryoSat-2 in SAR and pLRM modes. The use of the
CryoSat-2 pLRM data allows to have impacts of the surface roughness on the signal in better agreement with the SARAL
LRM data.

The first step to compute the ASD data consists in computing the radar freeboards of both Ku-band
(in pLRM mode) and Ka-band satellite waveforms from the freeboard methodology (see Figure 5). The
first step is to identify the sea ice leads and floes from the waveforms (WF) using the Pulse-Peakiness
(PP) criteria. Echoes with a PP >0.3 are considered as leads and echoes with a PP < 0.1 are considered
as floes. Values between 0.1 and 0.3 are considered as mixed observations and discarded. The
altimeter ranges of leads and floes are calculated using the Threshold First Maximum Retracker
Algorithm (TFMRA, Helm et al. (2014)) with a 50% threshold. Altimetric heights H are calculated from
the altitude of the satellite, provided in the waveform products, the DTU15 Mean Sea Surface (MSS)
and the relevant geophysical corrections, as described in the equation below:

tropogry + tropoye; + iono + MSS + tide,ceqn + tide
range — ()
H = alt —
Radar freeboards fbr are then simply. fbr = Hoes — Hieads. Note that the choice of the geophysical
corrections do not significantly impact the radar freeboard estimations.

Commercial in confidence Polar+ Snow. ATBD-2
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Freeboard methodology (/laxon, 2003)

1) Identification of "leads" and "floes" from Pulse Peakiness
2) TFMRA50 retracking —— Heights (H)

4) EASE2 12.5 km pixel resolution monthly griddings

3) Radar freeboard computation: fbr = H..4c - Hages

CryoSat-2 fbr

from from {
\ SGDR AVISO L2 data - L1b ESA C GOP data |y, afie.

Alti Snow Depth (ASD)

Figure 6 — Schematic representation of the methodology to compute the dual frequency Ka-Ku Alti Snow depth data.

Prior to this calculation the heights of the leads are linearly interpolated under the floes within a 25
km window. In the absence of leads in this interval, observations are discarded. Based on the
EUMETSAT’s Ocean and Sea Ice Satellite Application Facility (OSI SAF), observations in areas of less
than 70% of sea ice are removed. Finally, a 25 km radius median smoothing is applied to the retrieved
freeboards. The snow depth sd is then computed from the radar freeboards of SARAL and CryoSat-2
(fbkaand fbgy) previously gridded in 500x500 EASE2 grids with a 12.5 km pixel size resolution assuming
a dominant scattering from the snow-air interface for Ka-band and from the snow-ice interface for Ku-
band and considering the decrease of the Ku-band radar echo velocity as it penetrates into the snow
pack (Ulaby et al., 1986, Mallett et al, 2020) following the equation below:

sd = (fbrxa — fbria) X (14 0.51 X p) ™1

where ps is the snow density, set to 300 kg/m3.
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Figure 6 presents an example of ASD snow depth estimations. We observe that the snow distribution
consistently follows the dynamics of sea ice, the most characteristic of which is the export of MYl in
the Beaufort gyre. It also highlights the main deviations with the W99m climatology, which tends to
exhibit much thicker snow layers over sea ice. The ASD mean level of uncertainties (of about 4 cm on
average with standard deviation of 1 cm) are smaller than the deviations between these two products
(on average about 6 cm with standard deviation of 7 cm).

(=)
o
snow depth (m)
=)
e
snow depth (m)

0.1

0.0 0.0

mean: 0.12 SD:0.06

ASD uncertainties

3
o
£
snow depth (m)
snow depth (m)

-0.05

-0.15

0.03
mean: 0.04 SD: 0.01 mean: -0.06 SD:0.07

Figure 7 — Maps of the Altimetric Snow Depth (ASD) annual mean snow depth (a) and its uncertainties (b) in the Arctic for
2015. The annual mean snow depth map of the modified Warren-99 climatology (c) and its difference with the ASD
product (ASD-W99m, map d) are also presented.

3.1.3 Uncertainty budget

To compute the uncertainties we assume that the errors are unbiased, uncorrelated and follow the
Gaussian propagation law. The radar freeboard uncertainties 64« are calculated from:

— 2 2
6fbr - \/SHleads + 6Hfloes

The uncertainty of the heights of leads 6E,leadsis calculated along-track from the statistical variance of

heights (Ohes) and the number of observations Nieags and Nioes Within a 12.5 km radius. Since sea ice
topography can significantly vary, we assume that the statistical variance of floes is the same as that
of the leads. The uncertainty on the radar freeboard is then:

52 — UHleads + GHfloes
be N N
leads floes

Following the same assumptions and methodology, we can then deduce the formulation for the
uncertainty of the snow depth &% :
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2
2
6sd - (( ’5beKa + 6f2bKu> X A) + ((fbKa - fbku) X B X 655)

A=(1-0.51p) > AB=-15x%x0.51x(1+0.51p;)"%°

An example of the uncertainties is presented in Figure 7.

With

3.1.4 Latest developments

Since the dataset presented in Garnier et al, 2021, several updates have been made, that better suit
with the aim of this project. In the Arctic, the ASD data are now available from March 2013 to April
2020. As already mentioned, the CS-2 pLRM baseline C is now used to compute the data for the entire
period (instead of Baseline B previously). It means that the snow depth is also calculated for regions
observed by CryoSat-2 in SARin mode (marginal zones). Note that the ASD products has also been
computed, over the same 2013-2020 period in the Antarctic. We plan to add 2021 in the next few
months.

3.2 Calibration methodology (Lawrence et al., 2018)

3.2.1 Datasets

This algorithm uses CPOM AltiKa freeboards, CPOM CryoSat-2 freeboards, CPOM Sentinel-3A/B
freeboards (Lawrence et al. 2019), ATLAS/ICESat-2 L3B Daily and Monthly Gridded Sea Ice Freeboard
(ATL-20), Version 1 (available from NSIDC: https://nsidc.org/data/ATL20/versions/1) , and NASA Quick
Look Operation IceBridge data (also available at NSIDC: https://nsidc.org/data/NSIDC-
0708/versions/1). All datasets are described in deliverable D2.2.

3.2.2 Snow thickness algorithm

This methodology builds on previous work carried out as part of the ESA-funded Arctic+ project and
published in Lawrence et al. (2018). Here, in contrast to the other multi-frequency methodologies,
satellite freeboards are calibrated with independent observations of snow and ice freeboard. It is well-
understood that the extent to which radar waves interact with a snowpack is dependent on their
frequency (Beaven et al. 1995). It is also well-documented that the satellite footprint size will influence
the surface elevation retrieval due to (i) the impact of surface roughness on the echo waveform
(Guerreiro et al. 2017; Landy et al. 2019), and (ii) greater contamination of large satellite footprints by
leads, resulting in a bias towards larger, thicker sea ice floes (Tilling et al., 2019). Despite both being
understood, It is difficult to separate elevation biases due to the footprint size from the physical snow
penetration, without sophisticated waveform modelling strategies (e.g. Landy et al., 2019). The
calibration methodology, rather than trying to separate these effects, simply corrects for both
simultaneously, aligning one satellite freeboard with the air-snow interface and the other with the ice-
snow interface, allowing snow depth to be estimated as the difference between the two.

The publication by Lawrence et al. (2018) applied the methodology to two sets of satellites; AltiKa and
CryoSat-2 for the period 2013 to 2018, and Envisat and ICESat for their period of overlap between
2003 and 2009. Here, we extend the AltiKa vs. CryoSat-2 snow dataset to present day, altering the
method slightly by including Sentintel-3A (2016-present) and Sentinel-3B (2018-present). We are
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calling this combination “KuKa”, not to be confused with the ground-based radar instrument. In
section 4.2, we also apply the calibration method to Ku-band radar (CryoSat-2 + Sentinel-3) and laser
(ICESat-2) satellites, made possible by the launch of the ICESat-2 in 2018. This pairing, in contrast to
KuKa, has the advantage of extending to high latitude (882N), which permits a straightforward
interpolation of the pole hole yielding a pan-Arctic snow-on-sea-ice dataset.

Figure 8 — NASA Operation IceBridge data utilised in the calibration method. The white circle marks 81.52 N, the latitudinal
limit of the AltiKa and Sentinel-3 satellite orbits.

KuKa calibration method

Calibrating satellite freeboards requires independent observations of snow and ice freeboard.
Following Lawrence et al. (2018), we use data from NASA’s Operation IceBridge (OIB) airborne
campaigns, which operated in the Western Arctic in the spring months of 2011 to 2019 (Figure 8).
Note that while Lawrence et al. (2018) used OIB data processed by Ron Kwok at JPL, here we use the
publicly available Quick Look product since the JPL dataset is not readily available. For each day of
each airborne campaign, OIB snow depth and ATM laser freeboard are averaged onto a 2° longitude
x 0.5° latitude grid. Grid cells with fewer than 50 measurements are removed from the analysis to
reduce noise. Satellite data (Ka comprising AltiKa radar freeboards and Ku comprising CryoSat-2 and
Sentinel-3 radar freeboards) for the + 10 days surrounding the airborne campaign day are then
averaged onto the same 2°x0.5° grid. Satellite Pulse Peakiness (PP), a parameter derived from the
satellite waveform and a proxy for surface roughness, are also averaged to the same grid. For each
day, the satellite grids are interpolated along the airborne tracks in order to compare OIB and satellite
freeboard at each location where both exist. For Ka, the difference between satellite (AltiKa) radar
freeboard and OIB ATM freeboard is plotted against satellite PP (Figure 9a). For Ku, the difference
between OIB radar freeboard (calculated by subtracting OIB snow depth from ATM freeboard with a
correction for the slower speed of light propagation through snow) and satellite radar freeboard is
plotted as a function of PP (Figure 9b).
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Figure 9 - Calibration functions for Ka (left) and Ku (right) satellite freeboards. For each satellite, the difference between
the measured and "expected" freeboard (from OIB) is plotted as a function of Pulse Peakiness, a proxy for surface
roughness. Grey shading around linear fit shows the *+ 68% prediction interval, equating to 10/8cm for Ka/Ku.

By applying a linear regression to each plot, we derive a calibration function to align Ka and Ku satellite
freeboards with the air-snow and snow-ice interfaces respectively. When this calibration is applied to
monthly satellite freeboards, the effect is to raise Ka freeboards (Figure 10), and lower Ku (Figure 11).

202011 202011 202011

300 325 350 375 400 425 450 475 500 00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08

AK pulse peakiness AK freeboard [m] Calibrated AK freeboard [m]

Figure 10 — Original (middle) vs. calibrated (right) Ka (AltiKa) freeboard for example month of November 2020. Freeboards
are calibrated as a function of pulse peakiness (left), via the linear regression function derived above (Figure 9a).
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Figure 11 - Original (middle) vs. calibrated (right) Ku (CryoSat-2+Sentinel-3) freeboard for example month of November 2020.
Freeboards are calibrated as a function of pulse peakiness (left), via the linear regression function derived above (Figure 9b).
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Snow depth is estimated as the difference between these two calibrated freeboards, again applying a
correction for the slower speed of propagation in snow such that:

hs = 0-781(Uka + AfKa) - (fKu + AfKu))

Where h; = snow depth, fk,, is original Ka freeboard, Afg,, is the calibration correction applied to Ka
freeboard such that (fx, + Afke) = calibrated Ka freeboard, and fy, and Afy,, are the original Ku

freeboard and Ku calibration correction. The value of 0.781 is derived from a ratio ofci= 1.28, as in
S

Lawrence et al. (2018), and after (Kwok 2014). KuKa snow depth from this methodology span eight
winters, from 2013-14 to 2020-21. Monthly snow depths for one winter (2019-20) are shown in (Figure
12)

201911 201912 20200

00 01 0.2 03 04
snow depth [m]

Figure 12 - Monthly snow depths for November 2019 - April 2020, derived from the KuKa calibration method.

3.2.3 Uncertainty budget

To attribute an uncertainty to KuKa snow depths, we follow the methodology in Lawrence et al. (2018).
Via the calibration methodology, snow depth is expressed as:

(1)
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hg = 0-781((fKa + Afka) — (fku t+ AfKu))

The uncertainty on hy is therefore given by:

2 2 2 2
Ofxa ¥ Ofica T Ofp, T Oapiy T 20500110 t 207k 0k,

op, = 0.781 )

~20fkafkn ~ 20fkabfiu ~ 2OAfkafiu ~ 2OAfkabfku

1
2

Where o7, and of, are the errors on the satellite freeboards, g,f,  and o,f,, are the errors on the
calibration corrections, and the last six terms are the covariances between fx, , fxu Afkaand Afky,.
As detailed in Lawrence et al. (2018) and Lawrence et al. (2019), the error on satellite radar freeboard
is dominated by the sea-level interpolation which forms part of the processing routine. This error is
output in the Level-2 files processed by CPOM, providing an along-track uncertainty on radar
freeboard for CryoSat-2, Sentinel-3A and -B, and AltiKa. Since sea-level interpolation is performed in
a 200-km along-track window, errors do not decorrelate from one along-track measurement but do
decorrelate from one satellite pass to the next. Therefore, the uncertainty on gridded monthly
freeboard reduces by 1/v/N, where N is the number of satellite passes per grid cell. Figure 13 shows,
for an example month of 202003, how the monthly gridded uncertainty reduces as a function of the
number of satellite tracks per grid cell. Note that here we are using the native 25x25km grid that the
ICESat-2 ATL-20 data is provided on.

4 6 10 12 1 0 5 10 15 20 2 30 0 2 4 6 8
Ku |SLA error (cm) Ku number of passes per gr|d cell Ku reduced iSLA error (cm)

Figure 13 - Left: grid-averaged error on Ku-radar interpolated sea level anomaly (iSLA), considered a proxy for freeboard
uncertainty. This along-track uncertainty, when gridded, reduces by 1/vN where N is the number of tracks per grid cell
(middle). Right: The reduced iSLA error, i.e. the uncertainty on satellite radar freeboard, for an example month of 202003.

OAfy,@Nnd Oaf, ., the errors on the freeboard corrections, are provided by the prediction intervals on
the linear regression functions shown in Figure 9, equating to 10 cm for Ka and 8 cm for Ku. Finally,
the last six terms of Equation 2 express the covariances between the terms of Equation 1. For all winter
(October to April) months that Ku and Ka data exist simultaneously (201303 to 202104), monthly grid-
averaged frxa , fxu » Afka and Afy,, are appended to a file and the covariance matrix is calculated
using Python’s numpy.cov function. The covariances are given in Table 1. The uncertainty on Kula
snow depth for the winter of 2019-20 is shown in Figure 14, averaging to 9 cm for all months.
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Covariance | 07, afk, Of kafku Of alfiu Odfkafiu | O0fkabfxu | Ofkubfiu
term
Value 0.0010 0.0041 -0.0017 0.0007 -0.0007 -0.0019

Table 1 - Covariances between satellite freeboards and freeboard corrections, required for snow depth uncertainty
calculation.

2019 2019 2020

show depth uncertainty (cm)

Figure 14 - Monthly snow depth uncertainty by the KuKa calibration method, for winter 2019-20.

3.2.4 Latest developments

The calibration method has been applied to satellite freeboards for the winters of 2013-14 to 2020-
21. The KuKa snow depth product derived from the calibration methodology has been compared with
those obtained from the bias correction and waveform modelling methodologies in Polar+ Snow WP4
and together the products have been validated against independent airborne and in situ datasets.
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3.3 Waveform modelling methodology

3.3.1 Datasets

This algorithm currently uses the Baseline-D CryoSat-2 SAR- and SARIN-mode Level 1B datasets from
the ESA PDS science server and the AltiKa SARAL LRM-mode Level 1B Geophysical Data Record ‘sgdr_f’
from AVISO Altimetry.

3.3.2 Snow thickness algorithm

The basis for the waveform modelling approach is to fit a physical model for the backscattered radar
altimeter echo to observed altimeter waveforms and obtain, through the model inversion, estimates
for the retracked snow-sea ice interface elevation (CryoSat-2) or air-snow interface elevation (AltiKa).
Height differences between pan-Arctic monthly gridded snow-ice and air-snow elevations are
corrected for the delayed travel speed of the CryoSat-2 Ku-band radar wave through snow to produce
estimates for the pan-Arctic snow depth. (Note this method has not yet been through peer review).

The fundamental assumption of the method is that forward model solutions for the CryoSat-2 Ku-
band SAR echo or AltiKa Ka-band LRM echo adequately represent the height of the snow-ice or air-
snow interface, respectively, based on the physical mechanisms scattering or reflecting the radar wave
at each frequency. Here we take the simple approach to model both Ku-band and Ka-band radar
returns from a single scattering surface, assumed to represent the snow-ice and air-snow interfaces,
respectively. Several studies have called this assumption into question. For instance, volume
scattering from snow grains or brine and surface scattering from the air-snow interface and/or
interstitial interfaces within the snowpack (e.g., ice lenses, layers) may attenuate the Ku-band radar
wave sufficiently to elevate the primary Ku-band radar scattering horizon above the snow-ice interface
(Willatt et al., 2011; Ricker et al., 2015; Nandan et al., 2017; King et al., 2018). Equally, variations in
snow grain size and density, brine content, and the radar-scale roughness of the snow surface may
depress the primary Ka-band radar scattering horizon below the air-snow interface (Larue et al., 2021).
These processes are unlikely to occur consistently in different regions of the Arctic and periods of the
sea ice growth and snow accumulation season (Armitage and Ridout, 2015). In the case our
fundamental assumption of a single scattering interface is invalidated and/or the model inadequately
reproduces the true scattering response of the radar wave, we will obtain a bias in the retracked
elevation.

In the case of a single scattering surface the radar altimeter echo model is parameterized by four
terms: A, the scaled waveform amplitude, t,, the tracking point of the mean radar scattering surface
(or ‘epoch’), g, the surface topography root-mean square height, and s,,,5, the small-scale roughness.
This is assuming that variations in the radar antenna parameters (e.g., satellite altitude, velocity, off-
nadir pointing angle) have a negligible impact on the shape of the sea ice waveform return and can be
ignored.

The alternative option would be to forward model the full combination of possible surface and volume
scattering mechanisms (e.g., see Figure 15d), then invert for many more free terms over a much larger
multi-dimensional parameter space. However, the inversion for a single scattering surface is already
ill posed, with four parameters to be solved from one observation (the power waveform). Solving for
more parameters without further data increases the likelihood of inversion errors, such as finding local
parameter minima in the waveform fitting scheme.
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Figure 15 — Application of the Facet-Based Echo Model (FBEM) to forward simulate a CryoSat-2 return from sea ice
topography based on Operation IceBridge (OIB) airborne laser scanner observations from the Lincoln Sea. (a) Snow surface
elevation model from the OIB Airborne Topographic Mapper (ATM) showing the CryoSat-2 pulse limited footprint in black
and the locations of two leads crossing the footprint in yellow. (b) Snow surface height distribution and best fitting
Lognormal model. (c) Actual observed CryoSat-2 waveform from the footprint. (d) Simulated total CryoSat-2 waveform
(blue) and estimated contributions from air-snow interface, snow volume scattering, snow-ice interface, and ocean lead
reflections, with inset CryoSat-2 sensing parameters. From Landy et al. (2019).
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Figure 16 — Comparison of Gaussian (normal) and Lognormal statistical models fit to the observed snow surface height
distribution on sea ice from OIB ATM data at the scale of the CryoSat-2 footprint. (a) Snow surface elevation from the ATM
over multi-year sea ice in the Central Arctic. (b) Observed elevation distribution from the ATM with best fitting normal and
Lognormal models, including statistics from Kolmogorov—Smirnov tests, RMSE, and standard deviations (roughness) of the

two model fits. (c) Data source location. From Landy et al. (2020).

We use the Facet-Based Echo Model (FBEM) which simulates the radar altimeter echo as the integral
of the power backscattered from a tetrahedral mesh representing the sea ice surface topography
(Landy et al.,, 2019). The FBEM is available as an open-source MATLAB code from here
https://github.com/jclandy/FBEM. The scattering mechanisms are characterized for each facet of the
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mesh. Backscatter from the air-snow or snow-ice interface is obtained from the sum of the scattered
and reflected components, simulated with the Integral Equation Model (IEM; Fung, 1994) and physical
optics approximation (Fung and Eom, 1983), respectively. The balance between scattering and
reflection depends on the radar frequency and mm-cm scale ‘radar’ roughness of the surface (Landy
et al., 2020). The FBEM can also simulate snow volume scattering and reflections from off-nadir leads,
as shown in the example in Figure 15d. However, both of these scattering mechanisms are neglected
for our simplified ‘single surface’ waveform modelling scheme here.

The air-snow and snow-ice interfaces are characterized by a Lognormal probability density function of
the height distribution e.g. (Figure 15b), following Landy et al. (2020). This is based on observations
from the NASA Operation IceBridge airborne laser scanner and Ku-band radar that show both
interfaces are more accurately characterized by a Lognormal model than a Gaussian model, at the
~kilometre scale of a satellite altimeter footprint. This is the case for both first-year ice (FYl) and multi-
year sea ice (MYI) (Figure 16).

A lookup table of Ku-band SAR altimeter echoes were simulated from FBEM for sea ice surfaces with
Lognormal height PDF, ¢ ranging from 0 to 1 m, and s, ranging from 0 to 6 mm, as described in
Landy et al. (2020). Radar antenna parameters are characterized for the CryoSat-2 SIRAL instrument
(Landy et al., 2019). Examples for the modelled SAR echoes with fixed s,.,,,s of 2 mm but varying ¢ are
shown in Figure 17a. The parameter s,,,s controls the incidence angle dependence of the radar
backscattering coefficient and mainly effects the trailing edge of the waveform. The parameter o
controls the roughness of the large-scale sea ice topography and principally effects the width of the
waveform leading edge (Figure 17a). Zero time on Figure 17a represents the radar tracking point t,
and is crossed at a different amplitude of the waveform leading edge power depending on ¢. This
implies that the relative retracking amplitude should decrease as the large-scale roughness of the
snow-ice interface increases, from around 95% for =0 to 65% for 6=0.5 m.

e 0.05 m
0.1m
— 02 m
s 0.3 m
04m

w— 0.5 m

Normalized Power

-0.25 0 0.25 0.5 0.75 1 -1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Time [10 ns] Time 10 ns

Figure 17 — Radar echo simulations for a single scattering interface (snow or sea ice), with a Lognormal roughness height
distribution and different roughness standard deviations, in (Left) Ku-band SAR-mode with radar sensing parameters from
CryoSat-2 SIRAL and (Right) Ka-band LRM-mode with radar sensing parameters from AltiKa SARAL.

A lookup table of Ka-band LRM altimeter echoes were also simulated from FBEM for sea ice surfaces
with Lognormal height PDF, ¢ ranging from 0 to 1 m, and s, ranging from 0 to 6 mm. Radar antenna
parameters are characterized for the AltiKa SARAL instrument, based on
https://directory.eoportal.org/web/eoportal/satellite-missions/s/saral. Examples for the modelled
LRM echoes with fixed s,.,,,s of 2 mm but varying o are shown in Figure 17b. The roughness of the
large-scale sea ice topography ¢ again impacts the width of the waveform leading edge. The radar
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tracking point ¢t is also again crossed at a different amplitude of the waveform leading edge power
depending on o (Figure 17b). This implies that the relative retracking amplitude for LRM waveforms
should also decrease as the large-scale roughness of the air-snow interface increases, from around
50% for =0 to 25% for d=0.5 m.
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Figure 18 — Best fitting model echoes to observed radar waveforms from (Top Row) CryoSat-2 SAR-mode and (Bottom
Row) AltiKa LRM-mode. The left-hand plots show model fits to characteristic diffuse-type waveforms returned from a
rough sea ice or snow surface. The right-hand plots show model fits to characteristic specular-type waveforms returned
from smooth ocean lead surfaces. The zero time marks the ‘epoch’ or radar retracking point, i.e. the mean level of the
scattering surface. The free parameters optimized during waveform fitting are inset: A = normalized waveform amplitude,
t_0 = time difference of epoch to the time at waveform peak power, o = large scale surface roughness, s_rms = mm-cm
radar-scale surface roughness. Adapted from Landy et al. (2020).

We use a least-squares fitting procedure to optimize the functional form of the modelled sea ice echo
to observed CryoSat-2 or AltiKa waveforms. The fitting routine is based on the bounded trust region
reflective algorithm (implemented through the MATLAB function Isqgnonlin) to minimize the difference
between the model fit and each observed power waveform, as described in Landy et al. (2020). At the
end of the fitting procedure, we obtain best fit estimates for the four free parameters: 4, t,, o, and
Srms- Examples for the best-fitting modelled echoes to sea ice surfaces and leads, for both CryoSat-2
and AltiKa waveforms, are shown in Figure 18 along with their associated parameters. It is evident
that the large-scale topography rms ¢ and small-scale roughness s, are both larger for the sea
surfaces than for leads. It is also notable that zero padding applied to CryoSat-2 SAR waveforms prior
to the range FFT, which enhances the range resolution, provides a better constraint on the elevation
of leads than can be obtained from the lower range-resolution Altika LRM waveforms (Figure 18).

A low-pass filter is applied to the along-track height profile to remove residual sea surface topography
with a horizontal wavelength greater than 200 km. The sea surface height anomaly (SSHA) is then
obtained at ice-covered locations from a linear interpolation between lead elevations, along the orbit
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of the satellite, as described in Landy et al. (2020). All sea ice observations >200 km from their nearest
lead are discarded. Along-track radar freeboards are calculated from the elevation difference between
sea ice floes and the interpolated SSHA. Finally, the radar freeboards for both CryoSat-2 and AltiKa are
gridded at a resolution of 50 km on the same EASE2 pan-Arctic projection using a simple binned mean
algorithm. The gridded CryoSat-2, Altika SARAL radar freeboards and corresponding ICESat-2 laser
freeboards are shown for December 2019 in Figure 19. The CryoSat-2 freeboards are clearly smaller
than either than AltiKa or ICESat-2 freeboards, and all three datasets show relatively thicker
freeboards over the MYl than over the FYl zone. It is evident, however, that the AltiKa radar freeboards
show more local spatial variability than either CryoSat-2 or ICESat-2 freeboards, which is potentially
attributable to noise.
CryoSat-2 Radar Freeboard [m] AltiKa SARAL Radar Freeboard [m] ICESat-2 Laser Freeboard [m]
G . <.

Yo o

‘ -‘ww"“,

AltiKa minus CS2 rFB (corrected) [m] ICESat-2 IFB minus CS2 rFB (corrected) [m] ICESat-2 IFB minus AltiKa rFB (no corrections) [m]
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Figure 19 — Example of the CryoSat-2 and AltiKa radar freeboards obtained from physical-model waveform fitting in
December 2019, with comparison to ICESat-2 laser freeboards. On the bottom row are two estimates for the snow depth
obtained from a simple difference between KuKa freeboards and KulLa freeboards (see below), corrected for the delayed
Ku-band wavespeed through the snow volume. A map of the difference between the two derived snow depth estimates is

shown in the bottom left.

We assume that the CryoSat-2 radar freeboards represent the elevation of the snow-ice interface, but
this is not corrected for the delayed Ku-band wave propagation velocity through the snowpack. To
derive estimates for the snow depth from the height difference in gridded radar freeboards, we
multiply the height difference by 0.781, which corresponds to the ratio of radar wave velocities
between free space and snow with density 350 kg m-3 (Lawrence et al., 2018). The derived snow depth
maps for corrected AltiKa minus CryoSat-2 radar freeboards (KuKa), and for corrected ICESat-2 laser
freeboards minus CryoSat-2 radar freeboards (KuLa), are also shown in Figure 19. There are some clear
similarities between the two products, including thicker derived snow depths over MYI north of
Canada and in Fram Strait, than over FYl in the surrounding Arctic seas. However, the KuLa maps show
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more regional variability in snow depth than the KuKa maps, especially where mean snow depth is
estimated to be very thin (<10 cm) around the edges of the sea ice pack in the KulLa product. The
height differences between AltiKa radar freeboards and ICESat-2 laser freeboards show no clear
regional patterns, but the AltiKa freeboards are slightly higher (~2 cm) on average than the ICESat-2
freeboards (Figure 21). This bias is reversed by April 2020, with AltiKa freeboards slightly lower (~5
cm) on average than the ICESat-2 freeboards (data not shown).

The seasonal cycle in KuKa derived snow depth for the 2019-20 sea ice growth season demonstrates
that snow depth on MYI always exceeds that on FYI (Figure 20). There is a minor increase in snow
depth recorded over FYI and MYI between November and February, although the mean depth over
MYI shows a decrease between February and April. Overall, the pan-Arctic mean snow depth increases
from 12 to 17 cm between November and April.

AltiKa/CryoSat-2 2019-20
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Figure 20 — Time series for the seasonal change in snow depth obtained from physical model-based KuKa radar freeboards
over the 2019-20 sea ice growth/snow accumulation season. The envelopes represent +/- one standard deviation around
the mean snow depth.

3.3.3 Uncertainty budget

There is no formal uncertainty budget for the waveform fitting method, but we have examined noise
and potential biases in KuKa derived snow depths by comparing to KulLa derived snow depths. The
distributions of pan-Arctic gridded radar and laser freeboard from CryoSat-2, AltiKa and ICESat-2 for
December 2019 are shown in Figure 21a. It is notable that the CryoSat-2 radar freeboard distribution
is much narrower with a primary mode at 5 cm and a portion of grid cells having freeboard around
zero or slightly negative. MYI freeboards are evident as a small secondary mode of the CryoSat-2
distribution between 10 and 20 c¢cm. The AltiKa radar freeboard and ICESat-2 laser freeboard
distributions appear very similar, with a primary mode around 15-16 cm; however, the ICESat-2
distribution contains a secondary mode of thinner freeboards around 4-10 cm (highlighted by the grey
circle) that is not evident in the AltiKa distribution. The trailing edges of the Altika and ICESat-2
distributions have a similar shape, representing thicker MYI. Derived KuKa and Kula snow depth
distributions in Figure 21b have almost the same mode, although the KuKa depths overestimate KulLa
by a few centimetres and the distribution is wider. The mean freeboard ratio between AltiKa and
ICESat-2 (Figure 21c) is around 1.05. If we assume the KulLa snow depths are more realistic, then it is
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likely the wider KuKa snow depth distribution is caused by higher noise in the AltiKa freeboards than
in CryoSat-2/ICESat-2 freeboards (Figure 19).

sz Ak
Cszs

2 snow depth
ik snow depth| |

Figure 21 — Comparison of the gridded radar freeboards obtained from physical model waveform fitting applied to CryoSat-
2 and AltiKa to laser freeboards obtained from ICESat-2 in December 2019. (Left) Freeboard distributions. (Middle) Derived
snow depth distributions and the distribution of gridded differences between AltiKa and ICESat-2. (Right) The AltiKa
freeboards plotted as a ratio of the ICESat-2 freeboards. (Note that distributions only cover the coinciding region of
observations between the three sensors south of 81.5N).

It is challenging to identify the source or sources of bias between the KuKa and Kula snow depths.
They could be caused by (i) the principal scattering horizon of the Ku- or Ka-band radar wave not
aligning with the snow-ice or air-snow interface, respectively, owing to radar penetration or surface
roughness related effects. (ii) The ICESat-2 laser penetrating into the snowpack (ref). (iii) Our model
for the radar altimeter not adequately simulating the true backscattered radar response in SAR or LRM
mode. (iv) Our model assumption of a single scattering surface not being valid, owing to strong
contributions from snow volume scattering or reflections from interfaces within the snowpack. (v)
Inaccurate waveform classification erroneously removing or including sea ice floe or lead elevation
measurements in the CryoSat-2 or AltiKa freeboard products. Any one or combination of these effects
could produce a mismatch between the AltiKa and ICESat-2 freeboards, that we are assuming both
measure the height of the air-snow interface.

We have investigated the relationship between sea ice surface roughness and systematic offsets
between radar freeboards from AltiKa and laser freeboards from ICESat-2 in Figure 22. Here we
compare the footprint-scale surface roughness parameter o obtained from the AltiKa waveform
inversion scheme to the mean (and one standard deviation) of the gridded AltiKa freeboards minus
ICESat-2 freeboards. This relationship is characterized from all altimeter observations collected
between November 2019 and April 2020. The AltiKa-derived roughness ¢ in January 2020 is generally
higher over MYI (20-40 cm) than over FYI (<15 cm), with the exception of regions experiencing strong
sea ice dynamics such as around the New Siberian Islands (Figure 22a). In areas of lower surface
roughness (<12 cm) the AltiKa and ICESat-2 freeboards are almost equivalent, with a standard
deviation in the gridded differences of around 10 cm. However, as the roughness increases the AltiKa
freeboards increasingly and systematically overestimate the freeboards from ICESat-2 (Figure 22b).
This may highlight the impacts of roughness on the significance of different radar scattering
mechanisms at Ka-band (e.g., Larue et al., 2021). Alternatively, it may highlight deficiencies in the
accuracy of our model for Ka-band LRM echoes, or in the steps taken after waveform retracking to
filter valid observations, such as the waveform classification. These open questions will be examined
in the near future.
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Figure 22 — The relationship between AltiKa surface roughness (left) and the apparent difference between Ka-band and
laser freeboards from AltiKa and ICESat-2, respectively (right). The relationship is characterized from all measurements
between Nov 2019 and Apr 2020. The systematic bias between AltiKa and ICESat-2 increases as a function of the derived
Ka-band radar surface scattering roughness.

3.3.4 Latest developments

The waveform modelling method for KuKa has been applied to the sea ice growth seasons October-
April in 2018-19, 2019-20 and 2020-21. The KuKa snow depth product derived from waveform
modelling has been compared with those obtained from the bias correction and calibration
methodologies in Polar+ Snow WP4 and together the products have been validated against
independent airborne and in situ datasets.
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4 Prototype Ku Radar — Laser (KuLa) snow thickness retrieval algorithms
4.1 LEGOS methodology

4.1.1 Datasets

The LaKu product is provided in 712 x 712 EASE2 grids with a 12.5 km pixel size resolution. It is provided
on a monthly basis from October to April from 2018 to 2021 over Arctic.

To compute the LaKu data, we use the CryoSat-2 Baseline-D&E (the waveforms are the same) in SAR
and SARin processed with SAMOSA+ retracker by GPOD and with TFMRAS0 by LEGOS. The freeboards
are computed using the LEGOS sea-ice processor. The Laser data from ICESat-2 are extracted from
NSIDC (https://nsidc.org/data/). We use the ATL10 product version 4.

CryoSat-2 carries a synthetic interferometric altimeter Ku-band instrument which operates in 3
modes:

Low Resolution Mode (LRM): it consists of conventional pulse-width limited altimetry with a footprint
of 7 km radius

Synthetic Aperture Radar (SAR): the mode used over sea ice. It enables to reduce the footprint size
along the track to about 300 m.

SAR interferometric: this mode operates at the margin of ice caps

We used the SAR and SARIn mode to compute the freeboard. The footprint size is indicated on Figure
23.

ICESat-2 has on board a space-based lidar, the Advanced Topographic Laser Altimeter System (ATLAS).
ATLAS measures the travel time of laser photons from the satellite to Earth and back. ATLAS emits
visible laser pulses at 532 nm wavelength. ATLAS generates six beams arranged in three pairs in order
to better determine the surface's slope and provide more ground coverage. Each beam pair is 3.3 km
apart across the beam track, and each beam in a pair is separated by 2.5 km along the beam track.
The footprint radius is about 17 m. Figure 23 summarizes the footprint details for both missions.
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Figure 23 - Footprint details for CryoSat-2 and ICESat-2 missions

4.1.2 Snow thickness algorithm

The computation of snow depth is based on the difference of penetration between laser altimetry of
ICESat-2 — which does not penetrate snow — and the Ku-band radar altimetry of CryoSat-2 — which is
assumed to be reflected not far from the snow/ice interface. As explained in 3.1.2 the main
assumption is that the difference between these two surface elevations is only due to the penetration
of the Ku-band radar, and that the Ku-band radar penetrates fully to the snow/ice interface. We know
nevertheless that it is not always the case in particular when the snow is salty or wet. Some studies
are on-going to try to apply a correction on the penetration over FYI.

The LaKuiecos product is available for 2 different freeboards with the SAMOSA+ and TFMRAS50
retracker. TFMRAS0 is an empirical retracker, the methodology is explained in 3.1.2. SAMOSA+
(Dinardo et al., 2018) is a physical retracker, available for sea ice surfaces, which uses a physical model
to fit the waveforms.

The data are then gridded per month with a 12.5 km pixel size resolution.
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The snow depth is then computed from the difference between the gridded freeboard products, by
applying a snow correction to account for the speed propagation reduction of Ku in snow on CryoSat-
2 data. We use Ulaby et al., 1986 equations:

FBice = FByy + (——— 1) SD = FBjqse — SD(1)

Csnow

= (1+0.00051p55,0,)"*(2)

Csnow

SD=(1+ 0-0051psn0w)_1'5(FBlaser - FBKu)B)

where psnow is the snow density and is equal to 290 kg/m3. An example is shown in Figure 24.

FB laser 01/2020 FB radar SAMOSA+ 01/2020

FB 1S2
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X (1+0.00051p__ )"
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Figure 24 - Maps of a) CryoSat-2 Freeboard using the SAMOSA+ retracker ; b) ICESat-2 Freeboard and c) resulting snow over
January 2021
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4.1.3 Uncertainty budget

As for the other products there is no uncertainty budget for this LakKu snow depth. However, the
differences between the 2 freeboards computed with CS2, one with TFMRA50 and one with

SAMOSA+, can provide an idea of the uncertainties.

These differences are represented on Figure 25 for January 2020.

Figure 25 shows that the differences can be quite important especially near the Canadian Archipelago.
Laforge et al., 2020 have studied the impact of these 2 retrackers on the FB retrieval and shown that

it depends on the surface roughness.
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Figure 25 - Maps of CryoSat-2 freeboard using a) TMFRA50 and b) SAMOSA+. c) Difference between the freeboards.
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4.1.4 Latest developments

Currently the dataset is being extended to the winter 2021-2022.

4.2 Calibration methodology (Lawrence et al., 2018)

4.2.1 Datasets

This algorithm uses CPOM CryoSat-2 freeboards, CPOM Sentinel-3A/B freeboards (Lawrence et al.
2019), ATLAS/ICESat-2 L3B Daily and Monthly Gridded Sea Ice Freeboard (ATL-20), Version 1 (available
from NSIDC: https://nsidc.org/data/ATL20/versions/1) , and NASA Quick Look Operation IceBridge
data (also available at NSIDC: https://nsidc.org/data/NSIDC-0708/versions/1). All datasets are
described in deliverable D2.2.

4.2.2 Snow thickness algorithm

Kula calibration method

The methodology for snow depth retrieval using Ku radar and laser (ICESat-2) freeboards, “Kula”,
begins with the same calibration of Ku freeboards using OIB, i.e. the same linear function (Figure 9b)
is used to calibrate Ku freeboard as a function of satellite PP. Since ICESat-2 is a laser altimeter and
assumed not to penetrate the snow pack, we assume that ICESat-2 freeboard provides a measure of
the true snow freeboard without the need for calibration (Lawrence et al. (2018) made this same
assumption for ICESat). Here we use the ATL-20 ICESat-2 monthly gridded freeboard product, provided
by NSIDC on a 25km square grid in Polar Stereographic projection.

Since ICESat-2 freeboards are not calibrated, snow depth by this methodology is given by:

hs = 0.781(f1q — (fiu + D))

Where hg = snow depth, f;, is the gridded ICESat-2 freeboard, fy,, is original Ka freeboard, Afy,, is
the calibration correction applied to Ku freeboard such that (fx, + Afk,) = calibrated Ka freeboard.
Monthly snow depths for one winter (2019-20) are shown in (Figure 26). Note that there is currently
a >1 year latency with the ATL-20 product, therefore we can only currently derive snow depths for
two winters (2018-19 and 2019-20) with the Kula calibration technique at present.
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Figure 26 - Monthly snow depths for November 2019 - April 2020, derived from the Kula calibration method

4.2.3 Uncertainty budget

Via the calibration methodology, KuLa snow depth is expressed as:

hg = 0-781(fLa - (fKu + AfKu))

By propagation of uncertainty, the error on hy is therefore given by:

_ZafLafKu - ZafLaAfKu
2 2 2
% e T O t Oafi T 201t ficn

oy, = 0.781

(3)

(4)

Where afLaand Of,, are the errors on the satellite freeboards, OAf i, 1S the error on the Ku calibration
correction, and the last three terms are the covariances between f;, , fxuand Afg, . At present,
monthly gridded ICESat-2 freeboards (ATL-20) are not distributed with an uncertainty estimate.
Therefore, rather than using the propagation of uncertainty equation with o7, = 0, we use the
previously-calculated error on KuKa snow depth (9 cm) as an upper-bound estimate for KuLa snow
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depth uncertainty. This is justified, since the calibrated Ku-freeboard used in each of the products is
the same and the uncertainty of ICESat-2 freeboard (though not known) is expected to be smaller than
that of calibrated AltiKa freeboard.

4.2.4 Latest developments

The calibration method has been applied to satellite freeboards for the winters of 2018-19 and 2019-
20. Note the current >1-year latency with the availability of ATL-20 freeboards limits the timeliness of
snow depths by this methodology. The KulLa snow depth product derived from the calibration
methodology has been compared with those obtained from the bias correction and waveform
modelling methodologies in Polar+ Snow WP4 and together the products have been validated against
independent airborne and in situ datasets.

43 Waveform modelling methodology

4.3.1 Datasets

This algorithm currently uses the Baseline-D CryoSat-2 SAR- and SARIN-mode Level 1B datasets from
the ESA PDS science server and the ICESat-2 ATL20 gridded sea ice laser freeboard product Version 3
available from NSIDC.

4.3.2 Snow thickness algorithm

The Kula snow depth methodology through waveform modelling has a similar basis to the KuKa
waveform modelling methodology. The CryoSat-2 radar freeboards are processed in an identical
manner to Section 3.3.3, i.e., by fitting a physical model for the Ku-band SAR echo to retrack CryoSat-
2 L1B waveform observations, estimating the local sea surface height anomaly, and calculating
freeboards along track. Here the gridded CryoSat-2 radar freeboards at 50 km resolution are used for
deriving KulLa snow depths.

ICESat-2 laser freeboards are assumed to provide a good measurement of the elevation of the air-
snow interface, with little penetration of the green laser into snow. This assumption has been
validated by comparing the ICESat-2 laser freeboards against OIB laser scanner data (Kwok et al.,
2019). We resample the ICESat-2 laser freeboard product from ATL20 to the same 50-km grid as the
CryoSat-2 radar freeboards (Figure 19). It is evident that the ICESat-2 freeboards typically show a
broader distribution of thickness, across the Arctic, than the CryoSat-2 radar freeboards (Figure 20).

We assume that the CryoSat-2 radar freeboards from waveform modelling represent the elevation of
the snow-ice interface, but this is not corrected for the delayed Ku-band wave propagation velocity
through the snowpack. To derive estimates for the snow depth from the height difference in gridded
freeboards, we multiply the height difference between ICESat-2 and CryoSat-2 freeboards by 0.781,
following the same approach as the waveform modelling method for KuKa. The derived snow depth
maps for corrected ICESat-2 laser freeboards minus CryoSat-2 radar freeboards (KulLa) are shown for
the 2019-2020 winter sea ice growth season in Figure 27. These maps show the accumulation of snow
over winter, with the average snow depth on Arctic sea ice increasing from around 10 cm in November
2019 to around 18 cm by April 2020 (Figure 28). As a first check on the consistency between CryoSat-
2 and ICESat-2 freeboards, the grey contour on the November 2019 snow depth map in Figure 27
highlights snow depths below 5 cm. There are large regions of 1000s square km at the sea ice pack
margins where snow depths are <5 cm, in regions of new ice formation where we expect little snow
to have accumulated. This supports the idea that CryoSat-2 radar freeboards and ICESat-2 laser
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freeboards are measuring approximately the same elevation for new thin ice where snow depth is low
or absent, and there is not an artificial systematic bias between the freeboards.

November 2019 December 2019 January 2020

0.35

0.3

0.25

0.2

10.05

Figure 27 — Snow depth derived from the Kula algorithm over 2019-20 applying physical waveform fitting to CryoSat-2 and
using the ICESat-2 data from NSIDC ATL20 Version 3. The grey contour in the November map marks all regions where the
CryoSat-2 and ICESat-2 freeboards are within 5 cm of each other.

Estimated Kula snow depths are larger over multi-year ice (around 15-38 cm) than over first-year ice
(around 2-25 cm) across the snow accumulations season (Figure 28). The accumulation of snow on
MYI is slower than on FYI, however, at a mean accumulation rate of around 1.5 cm/month on MYI
versus around 2 cm/month on FYI.
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Figure 28 — Time series for the seasonal change in snow depth obtained from physical model-based CryoSat-2 Ku-band
radar freeboards and ICESat-2 laser freeboards over the 2019-20 sea ice growth/snow accumulation season. The envelopes
represent +/- one standard deviation around the mean snow depth.

4.3.3 Uncertainty budget

There is no formal uncertainty budget yet for the KuLa snow depth estimates based on waveform
fitting. However, close-to-coinciding measurements from CryoSat-2 and ICESat-2 along Cryo2ice
profiles have been used to intercompare along-track KuLa snow depths obtained from different data
processing methods for Nov-Dec 2020 (Figure 29). This work has been completed by Antoine Laforge
(SERCO). The laser freeboards from ICESat-2 come from the NSIDC ATL10 product and are fixed, but
the CryoSat-2 radar freeboards along Cryo2ice profiles vary with different methods for processing
CryoSat-2 data (including waveform retracking, classification, and calculation of freeboard). CryoSat-
2 radar freeboards used in this intercomparison include those from the waveform fitting method
(UoB) and the calibration method (CPOM). ESA Baseline D geophysical data record (ESA_BD_GDR) and
the LEGOS application of the SAMOSA+ retracker (LEGOS_SAM) and TFMRA 50% retracker
(LEGOS_T50) are also shown, but note the LEGOS freeboards are not the same as those used for the
bias correction method outlined here (which utilized CryoSat-2 pseudo-LRM mode observations).

It is evident from Figure 29a that the distribution of freeboards from CryoSat-2 can vary significantly
depending on the processing methodology. The different processing options represent a variability on
the final Kula derived snow depth (here ‘Afb,«,’) of around 5 cm. The patterns of the KulLa snow
depths obtained from the mean freeboard differences along Cryo2ice profiles (Figure 29b) are similar
to those shown in Figure 27, with thicker snow depths corresponding to regions of MYI.
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Figure 29 — (a) The distribution of Ku-band radar freeboard from multiple processing algorithms: ESA Baseline-D
(ESA_BD_GDR), the LEGOS using SAMOSA+ (LEGOS_SAM) and TFMRASO retrackers (LEGOS_T50), CPOM, and the University
of Bristol LARM retracker (UOB) next to the laser freeboard from ICESat-2 ATL10 product (I1S2) for collocated tracks from
the period between 15t Nov 2020 and 315t Dec 2020. (b) shows the geographical distribution of the mean freeboard
differences for the same period. Courtesy of Antoine Laforge.

4.3.4 Latest developments

The waveform modelling method for KuLa has been applied to the sea ice growth seasons October-
April in 2018-19,2019-20, and 2020-21. The KulLa snow depth product derived from waveform
modelling have been compared with those obtained from the calibration methodology in Polar+ Snow
WP4 and together the products have been validated against independent airborne and in situ
datasets.
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5 Summary

This Algorithm Theoretical Baseline Document has summarised six different algorithms for retrieving
snow depth on sea ice from multi-mission multi-frequency satellite altimetry. This includes three
algorithms applied to AltiKa SARAL and CryoSat-2 SIRAL observations to retrieve “KuKa” snow depths
and three algorithms applied to ICESat-2 ATLAS and CryoSat-2 SIRAL observations to retrieve “KulLa”
snow depths. The document has provided detailed justification for the scientific basis and processing
steps used for each algorithm.

Data products generated from the five different algorithms have then been intercompared with each
other and with independent in situ and airborne snow depth observations, as well as snow depth
products from modelling/reanalysis-based systems, in WP4 (D3.2 PVR; D4.1 Experimental dataset).
WP4 describes the procedure to identify an optimal pan-Arctic snow depth product for Polar+ Theme
1 ‘Snow on sea ice’ as a best performing single or ensemble merged dataset.

Direct intercomparisons between ICESat-2 and CryoSat-2 have been investigated along Cryo2ice orbits
(Figure 30), by Alice Charet (ESA/SERCO).

Measured freeboard between iceSat-2 and CryoSat-2
— - ”
I\ A

NTT )

- -/-\7 “:;N_,*- W \’5
P el Ao, %

Along-track distance (km

Multi-year ice First-year ice
P | 2

Figure 30 — Direct intercomparison between radar freeboards from CryoSat-2 and laser freeboards from ICESat-2 along
aligned Cryo2ice orbits, with the differences in freeboard between sensors illustrating the snow cover over multi-year and
first-year ice. Courtesy of Antoine Laforge.
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