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Abstract

In February 2016 and April 2018 the European Space Agency launched the Sentinel-
3A and 3B satellites respectively, as part of the European Commission’s multi-satellite
Copernicus Programme. Here we process Sentinel-3A waveform data to estimate Arctic
sea level anomaly and radar freeboard from November 2017 to April 2018. We compare
our results to those from the CryoSat-2 satellite, and find an intermission bias on sea-
level anomaly of 2 cm. We also find a mean radar freeboard difference of 1 cm, which we
attribute to the use of empirical retrackers to retrieve lead and floe elevations. Ahead
of Sentinel-3B waveform data being made available, we use orbit files to estimate the
improvement in sampling resolution afforded by the addition of Sentinel-3A and 3B data
to the CryoSat-2 dataset. By combining data from the three satellites, grid resolution
or time-sampling can be almost tripled compared with using CryoSat-2 data alone.
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1. Introduction

Estimating Arctic-wide sea ice thickness on monthly time-scales was made routinely
possible with the advent of high-latitude satellite altimeters. [Laxon et al. (2003), using
data from the European Space Agency (ESA) ERS-1 and ERS-2 satellites, demonstrated
for the first time the ability to use altimeter range measurements to estimate sea ice
freeboard (the height of the sea ice surface relative to local sea level). Under the as-
sumption that a sea ice floe is in hydrostatic equilibrium with the surrounding ocean,
and assuming bulk values for the densities of the ice and ocean, and the density and
thickness of the snow cover, freeboard can be converted to sea ice thickness.

The ERS satellites, operational jointly from 1991 to 2011, established the foundations
of the Arctic sea ice thickness record. In 2002, ESA launched Envisat, carrying aboard
a Ku-band radar altimeter similar in design to that of its ERS predecessors. |Giles
et al.| (2008) applied a processing method similar to [Laxon et al. (2003)) to retrieve sea
ice freeboard and thickness from Envisat. They found the 2007/8 average winter sea
ice thickness to be 26 c¢m less than the 2002/2003 to 2007/2008 average, following the
September 2007 sea ice extent minimum (Comiso et al., 2008; Stroeve et al., 2008]). ERS
data was not used in the study, though the authors report a good agreement between
ERS-2 and Envisat sea ice freeboard anomaly for the three winter seasons 2002/2003 to
2004/2005 (Giles et al., 2008). Around the same time, the Ice, Cloud and land Elevation
Satellite (ICESat) laser altimetry mission operated as part of NASA’s Earth Observing
System (Schutz et al.| [2005), and provided seasonal and interannual estimates of Arctic
sea ice volume between 2003 and 2008 (Kwok and Rothrock, [2009)).

The contribution of the ERS satellites to marine and land ice monitoring led to
the development of CryoSat. Commissioned specifically for monitoring the Earth’s po-
lar regions, CryoSat’s main payload SIRAL (Synthetic Aperture Interferometric Radar
Altimeter) was designed to overcome the limitations (for polar applications) of its pre-
decessors. An orbit inclination of 92 enabled measurements of the Arctic Ocean and
Antarctic Ice Sheet up to 88 N/S latitude, while Doppler beam formation allowed a
sharpening of the footprint to 300 m along-track, allowing CryoSat to better resolve
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small ice leads and floes (Wingham et al.| 2006). After CryoSat failed to reach orbit,
CryoSat-2 successfully launched in 2010 and the first Arctic sea ice thickness and volume
estimates were reported by |Laxon et al.| (2013]).

For climatic studies, a continuous time series spanning a decade or more is essential.
For this, achieving consistency between results from consecutive satellite missions is
vital, but differing instrument design has not made this a straightforward task. Obtain-
ing consistent sea ice thickness from CryoSat-2 and Envisat, whose periods of operation
overlapped for 2 years between 2010 and 2012, has been the subject of multiple studies
(Schwegmann et al., 2016; Guerreiro et al., [2017; Paul et al. 2018)). The Centre for
Topographic studies of the Ocean and Hydrosphere (CTOH) offer a combined Envisat
+ CryoSat-2 monthly gridded sea ice thickness product for the northern hemisphere at
http://ctoh.legos.obs-mip.fr/products/sea-ice-products/sea-i1ce-thickness/
description-1 (Guerreiro et al., [2017)), and as part of ESA’s Sea Ice Climate Change
Initiative (SICCI) a continuous timeseries of sea ice thickness spanning 2002 to 2017 (En-
visat + CryoSat-2) for both the Arctic and Southern oceans has been available online
since June 2018 (http://cci.esa. int/content/cci-sea-ice-dataset-release-sea
-1ce-thickness-v20, last accessed 8th Jan 2019). To date nothing has been published
on extending the time series back to include the ERS satellites.

Originally built to be operational until 2013 and still functional, CryoSat-2 has now
far exceeded its commissioned lifespan of just three years. When the mission eventually
ends, successor missions will be essential to continue the sea ice thickness climate record.
NASA’s ICESat-2 successfully launched in September 2018 and its extensive coverage
(up to 88 N/S latitude) and high resolution laser altimetry offers great promise for the
sea ice community. The instrument is, however, hampered by the presence of clouds,
and since CryoSat-2 and ICESat-2 do not have the same footprint, nor reflect from the
same surface (assumed ice/snow interface vs. snow surface), there will likely be work
to do to obtain consistent sea ice thickness from the two.

The Sentinel-3A and -3B satellites launched in February 2016 and April 2018 re-

spectively as part of European Commission’s multi-satellite Copernicus Programme.


http://ctoh.legos.obs-mip.fr/products/sea-ice-products/sea-ice-thickness/description-1
http://ctoh.legos.obs-mip.fr/products/sea-ice-products/sea-ice-thickness/description-1
http://cci.esa.int/content/cci-sea-ice-dataset-release-sea
-ice-thickness-v20

Alongside two radiometers and the Ocean and Land Colour Instrument (OLCI), the
satellites carry a dual frequency (Ku and C band) SAR Radar ALtimeter, SRAL. At
Ku band, SRAL shares a number of operation characteristics with CryoSat-2’s Synthetic
Aperture Interferometric Radar Altimeter (SIRAL), including operating frequency and
footprint size (see Table|l] section . When processed in the same way, radar freeboards
from the Sentinel-3 and CryoSat-2 satellites are therefore expected to be consistent, and
will provide essential continuity of the high-latitude radar altimeter time series into the
2030s.

In this study, we estimate radar freeboard and sea-level anomaly from Sentinel-3A
for the 2017-18 winter and demonstrate their comparability to those from CryoSat-2.
The agreement between results justifies the combination of CryoSat-2 and Sentinel-3A
into a single dataset, and the subsequent addition of Sentinel-3B data, assuming they
are consistent with 3A as expected. Ahead of Sentinel-3B waveform data becoming
available, we use orbit files to quantify the increased spatial and temporal resolution

afforded by combining data from the three satellites.

2. Data

Sentinel-3A and -3B carry a dual-frequency (Ku/C-band) altimeter called the SAR
Radar ALtimeter (SRAL), which at Ku-band operates at a frequency of 13.575 GHz.
Its Pulse Repetition Frequency (PRF) produces an along-track footprint length equiv-
alent to CryoSat-2 ( 300m), given its different altitude. SRAL and SIRAL instrument
characteristics are summarised in Table [I, compiled from the Sentinel-3 and CryoSat-2
user handbooks (EUMETSAT] 2017; [ESA/MSSL| 2012).

We process data from CryoSat-2 (CS2) and Sentinel-3A (S3A). Although Sentinel-
3B (S3B) launched in April 2018, it flew in tandem with S3A for the first 8 months
of its mission before shifting into its nominal orbit in November 2018, +140 out of
phase with S3A. Final-orbit S3B waveform data were not available at time of writing
and therefore are not included in our analysis.

We use S3A L1B waveform data processed by ESA’s Grid Processing on Demand
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Satellite Sentinel-3 A / B CryoSat-2
Payload SRAL (SAR Radar ALtimeter) SIRAL (SAR Interferometric Radar Altimeter)
Altitude 814.5 km 730 km
Orbit repeat cycle 27 days 369 days with a 30-day sub-cycle
Orbital inclination 98.65 92
Dual Ku/C-band Ku-band

Operating frequency

(13.575 / 5.41 GHz)

(13.575 GHz)

Modes of Operation /

where applied

Synthetic Aperture Radar (SAR) mode:

Applied globally

Low Resolution Mode (LRM):

Open oceans and ice shelf interiors.

Synthetic Aperture Radar (SAR) mode: Sea ice.
SAR interferometric (SARin) mode:

Ice sheet margins and mountain glaciers.

Pulse bandwidth

350 MHz (transmitted)
320 MHz (received)

350 MHz (transmitted)
320 MHz (received)

Pulse Repetition Frequency

17.8 kHz (SAR)

1.97 kHz (LRM),
18.181 kHz (SAR/SARin)

Footprint size

0.3 km ( 1.64 km) along (across)

track (Doppler cell)

0.3 km ( 1.65 km) along (across)
track (Doppler cell)

Along-track sampling frequency

0.3 km

0.3 km

Table 1: Sentinel-3 (A/B) and CryoSat-2 satellite and payload characteristics. Footprint dimensions

and along-track sampling spacing are approximate because they vary with surface elevation.



Data posting rate Hamming weighting window Exact beam-forming FFT zero-padding Radar receiving window size
128 bins (CS2 SAR and S3A SAR)
512 bins (CS2 SARin)

20 Hz Applied Approximated Applied

Table 2: GPOD Level 1B processing options applied to S3A and CS2 SAR.

(GPOD) SARvatore service (Dinardo et al., 2014), due to the lack of availability of
Hamming-weighted and zero-padded L1B data from the ESA Copernicus Hubt{ps:
/[scihub.copernicus.eu/dhus/#/home |, last accessed 8th January 2019). During Ham-
ming weighting, a Hamming weighting function is applied to the received radar burst in
the azimuth direction, damping the contribution from high o -nadir beams to mitigate

the e ect of side-lobe ambiguities. Zero-padding up-samples the received signal by a
factor of two to 256 (1024) bins for CS2/S3A SAR (CS2 SARIn) (Dinardo and Ben-
veniste, 2013). Both settings have been demonstrated to be optimal for SAR altimeters
for sea ice processing (Quartly et al., 2019; Smith and Scharroo, 2019) and are applied
as standard in the ESA LO to L1B CryoSat-2 processing chain.

In the interest of consistency, and to limit discrepancies in LO to L1B processing,
we also use the GPOD service to process LO CS2 data to L1B. Since the CS2 and S3A
L1B products from GPOD are packaged the same (i.e. same le formats and variable
names), this also allows us to use an identical sea-ice processor for both datasets. The
GPOD service o ers a processing option called "o cial CryoSat-2' which we chose for
CS2 and S3A processing; the associated processing options are brie y summarised in
Table [J. We refer the reader to the "Guidelines for SAR L1B Processing document'

(Dinardo and Benveniste, 2013) for more details on these processing options.

3. Methods

To convert CS2 and S3A L1B waveforms to radar freeboard we employ the Centre
for Polar Observation and Modelling (CPOM) sea ice processing algorithm, which we
summarise briey below. |Tilling et al| (2018) provide a comprehensive description of

the processing chain.


https://scihub.copernicus.eu/dhus/#/home
https://scihub.copernicus.eu/dhus/#/home

Initially, waveforms are categorised as either lead or oe according to their Pulse
Peakiness (PP), calculated as:

pp = N P (1)
i P

whereN is the number of range bins above the "noise oor' (calculated as the mean

power in range bins 10-20)pmax is the maximum waveform power (the “highest peak’),
and ; p; is the sum of the power in all range bins above the noise oor (Peacock and
Laxon, 2004). Waveforms with a PP less than 9 are classed as di use, those with a PP
higher than 18 are considered specular and attributed to leads. Any waveforms with a
Pulse Peakiness in the range<d®PP< 18 are discarded.

Stack Standard Deviation (SSD) is not output in L1B data from GPOD, therefore
we do not use this criterion to further Iter specular and di use waveforms as in Tilling
et al. (2018). We performed an analysis on CS2 ESA L1B data to assess the impact
on monthly radar freeboard and sea-level anomaly of neglecting the SSD criterion. For
one test month (Feb 2014) we found that 7.5% of specular waveforms (those with a PP
> 18) were removed with the addition of the SSD criterion. For the same month 1.2%
of di use waveforms (PP < 9) were removed when ltering for SSD. The di erence in
mean monthly sea-level anomaly with and without Itering for SSD was -0.6 cm, i.e.
SLA is biased low if the SSD criterion is not included. The e ect on oe elevation is
minimal (0.003 cm), therefore the -0.6 cm bias on SLA results in a +0.6 cm bias on
radar freeboard. Since we omit the SSD criterion for both CS2 and S3A processing,
we do not expect its absence to a ect our comparison of sea-level anomaly and radar
freeboard for the two satellites. For this study it was decided that it was more impor-
tant to use data with Hamming-weighting and zero-padding applied, at the cost of not
applying an SSD Iter. We acknowledge however that SSD Itering should be included
in future processing to limit the bias on sea-level anomaly due to o -nadir ranging to
leads (Armitage and Davidson, 2014). The range-integrated power (RIP) stack, from
which the stack standard deviation is derived, can be optionally output into GPOD L1B
products allowing SSD to be calculated by the user.

We use sea ice concentration data from NASA Goddard Space Flight Centre (GSFC),
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available at the National Snow and Ice Data Centre (NSIDC) (Cavalieri et al., 1996), and
sea ice type data from the EUMETSAT Ocean and Sea Ice Satellite Application Facility
(OSI SAF, www.osi-saf.org ), to distinguish between oe and open ocean waveforms.
Di use waveforms are removed if they fall within an area where the sea ice concentration
is below 75%, or where the sea ice type is neither multi-year nor rst-year ice (i.e. open
ocean or ambiguous) (Tilling et al., 2018). With lead and oe echoes separated, the
point on each waveform (given as a fractional range window bih,) that represents the
average surface elevation within the footprint must be identi ed, a process known as
retracking. Lead echoes are retracked by tting a \Gaussian plus Exponential” t to
the waveform (after Giles et al. (2007)), where the centre of the Gaussian is taken as
. For oes, the 70% leading edge threshold of the rst peak de nes the retrack point.
The waveform leading edge width is calculated as the fractional number of range bins
between the 30% and 70% leading edge thresholds, and all waveforms with a leading
edge width exceeding 3 bins are excluded from the analysis (Tilling et al., 2018).

The two-way travel time to a nominal waveform binky, (bin 128 (of 256) for CS2 SAR
and S3A, bin 512 (of 1024) for CS2 SARIn) is converted to range (distance to surface) by
halving and multiplying by the speed of light,c. A series of geophysical corrections are
then be applied to account for the e ect of the ionosphere, troposphere, atmospheric
pressure and tides. This corrected range is subtracted from the satellite altitude to
give the elevation ofly above the reference ellipsoid (WGS-84 for both CS2 and S3A).
Finally the retracker correction, given by: retracker correction = I) x bin_width
is subtracted from the range, where birwidth = % w23 cm.BW is the pulse
bandwidth, equal to 320 MHz (after low-pass lItering of the received pulse, Table 1)
for both CS2 and S3. We subtract the CPOM Mean Sea Surface (MSS), a model of
the average ocean surface generated from 2 years of CS2 data (Ridout, 2014), from all
lead and oe points in order to remove high-amplitude ocean topography. Residual lead
elevation gives the sea-level anomaly (SLA). Since tidal in uences have been accounted
for, the SLA represents deviations of the local sea surface from the mean sea surface as

a result of ocean dynamics (Armitage et al., 2016).



Before freeboard is calculated, a ‘retracker bias' of 16.26 cm is subtracted from all
oe elevations. This correction accounts for the fact that a di erent retracker is applied
to leads and oes and was derived for CS2 in Tilling et al. (2018) by comparing the
elevations of very thin ice (estimated using the Gaussian+Exponential retracker) and
open ocean elevations (using the 70% threshold retracker), in the Hudson Bay in the
summer. At every oe location, the SLA is interpolated by tting a linear regression to
all lead points within a 200 km window about the oe coordinates; this interpolated sea-
level anomaly (ISLA) is then subtracted from the oe elevation to give radar freeboard.
Radar freeboard di ers from sea ice freeboard in that it has not been corrected to account
for the slower speed of propagation of the radar pulse through the snow layer atop the
sea ice. Since the information required to convert to sea ice freeboard (and subsequently
sea ice thickness and volume) is independent of the satellite measurements and require
some a-priori knowledge, it is consistency between CS2 and Slar freeboard that
is important and remains the subject of our analysis.

In order to directly compare CS2 and S3A freeboard, along-track data are rst
averaged (mean value taken) on a 1.9ongitude by 0.5 latitude grid, corresponding
to grid cell dimensions of approximately 80 x 55km at 60latitude and 30 x 55km
at 81 latitude. This variable grid area compliments the satellite track spacing; since
higher latitudes are sampled more extensively by both satellites, a ner grid resolution is
a orded. Basin-mean and standard deviations presented in Section 4 are area-weighted
to accommodate our grid choice.

We estimate the uncertainty on each along-track interpolated sea-level anomaly
(ISLA) measurement as the 68% prediction interval on the 200 km-window regres-
sion t, after Lawrence et al. (2018). Due to the sliding nature of this window, ISLA
uncertainties are correlated along-track, and therefore do not reduce to negligible dur-
ing grid averaging, in contrast to the random speckle errors on radar freeboard (Tilling
et al., 2018). Uncertainty on gridded satellite radar freeboard is therefore dominated by
the ISLA uncertainty. When gridded, ISLA uncertainty reduces byplﬁ, where N is the

number of satellite passes per grid cell, and we consider this reduced ISLA uncertainty



as a proxy for gridded radar freeboard uncertainty. Since the addition of S3A and S3B
data to CS2 data increases the track density, uncertainty on monthly gridded freeboard
is reduced as compared to using data from a single satellite. This is explored in section
5.2.3

4. Results

4.1. Radar freeboard

Monthly radar freeboard for CS2 and S3A, and the di erence between them, is shown
for the 2017-18 winter season in Figure 1. Before grid averaging we calculate the mean
and standard deviation of the 6-month combined dataset, and remove any points that lie
outside the 3-sigma bounds, i.e. 3 standard deviations from the mean (shown by the
shaded regions in Figure 2a). This removes 1.5% of S3A and 1.7% of CS2 data points,
and ensures that extreme outliers resulting from poor retracking or noise spikes do not
bias the grid average estimates. Away from ice margins freeboard di erence displays
little variability and appears on average positive, i.e. S3A freeboard is greater than CS2
freeboard, for all months. In coastal areas freeboard for each satellite becomes noisier
and freeboard di erence increases. Unresolved tidal variability and small-scale ocean
dynamics in shallow shelf areas may adversely a ect the local sea level interpolation,
and hence freeboard estimates in these areas. Also, each satellite's capability to resolve
land-fast ice will depend on the availability of leads along-track (there must be at least
one lead on either side of the oe along-track for the sea-level interpolation to be valid),
and will therefore vary between the two owing to their di erent orbits. Further, S3A and
CS2 operate in di erent tracking modes in coastal areas. CS2 covers the coastal zone
in “closed loop' mode, whereby the decision about when to start recording the return
signal (so that it contains the echo from surface) relies on information collected from
previous echoes. S3A has the ability to switch to a more advanced tracking mode called
“open loop’, which sets the tracking window based on a-priori knowledge of the surface

topography from a digital elevation model (EUMETSAT, 2017). This enables S3A to
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maintain a stable tracking control over complex topographic surfaces such as coastal
waters, resulting in improved elevation estimates in these regions.

We compare S3A and CS2 data for the period November 2017 to April 2018 in Figure
2. Mean freeboard di erence (S3A-CS2) is remarkably invariable month to month; values
range between 0.9 cm and 1.1 cm (Table 3) with an intermonth standard deviation of
0.07 cm. The standard deviation on the mean di erence, which re ects the spatial
variability of S3A-CS2 di erences in Figure 1, is also stable across all months at 6.4
0.4 cm (one standard deviation, calculated from Table 3). This 13 cm spread about the
mean value results from a combination of random noise on the data, the di erences in
measurement capability (e.g. in coastal zones) detailed above, and physical di erences

in the ice oes sampled over the month.
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Figure 1: Sentinel-3A radar freeboard (left), CryoSat-2 radar freeboard (middle) and Sentinel-3A minus CryoSat-2 radar
freeboard (right) for November 2017 (top) to April 2018 (bottom). White circles on CryoSat-2 maps delineate the upper

limit of S3A coverage (81.5 latitude). Along-track freeboard measurements for the month are averaged on a 1.5latitude

x 0.5 longitude grid after 3-sigma ltering. 12
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