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Abstract. The crucial role that Antarctic sea ice plays in
the global climate system is strongly linked to its thickness.
While field observations are too sparse in the Southern Ocean
to determine long-term trends of the Antarctic sea ice thick-
ness (SIT) on a hemispheric scale, satellite radar altimetry
data can be applied with a promising prospect. The European
Space Agency’s Sea Ice Climate Change Initiative project
(ESA SICCI) generates sea ice thickness derived from En-
visat, covering the entire Southern Ocean year-round from
2002 to 2012. In this study, the SICCI Envisat Antarctic
SIT is first compared with an Ice, Cloud, and land Elevation
Satellite (ICESat) SIT product retrieved with a modified ice
density algorithm. Both data sets are compared to SIT esti-
mates from upward-looking sonar (ULS) in the Weddell Sea,
showing mean differences (MDs) and standard deviations
(SDs, in parentheses) of 1.29 (0.65) m for Envisat — ULS (—
denotes “minus” and the same below), while we find 1.11
(0.81) m for ICESat — ULS. The inter-comparisons are con-
ducted for all seasons except for winter, based on the ICESat
operating periods. According to the results, the differences
between Envisat and ICESat SIT reveal significant tempo-
ral and spatial variations. More specifically, the smallest sea-
sonal SIT MD (SD) of 0.00 m (0.39 m) for Envisat — ICESat
is found in spring (October—November), while a larger MD
(SD) of 0.52 (0.68 m) and 0.57 m (0.45m) exists in sum-
mer (February—March) and autumn (May—June). It is also
shown that from autumn to spring, mean Envisat SIT de-
creases while mean ICESat SIT increases. Our findings sug-
gest that both overestimation of Envisat sea ice freeboard po-
tentially caused by radar backscatter originating from inside
the snow layer and the Advanced Microwave Scanning Ra-

diometer for EOS (AMSR-E, where EOS stands for Earth
Observing System) snow depth biases and sea ice density un-
certainties can possibly account for the differences between
Envisat and ICESat SIT.

1 Introduction

Antarctic sea ice plays an important role in the global climate
system by reflecting the solar energy and modulating the sur-
face water salinity (Goosse and Zunz, 2014; Massom et al.,
2018; Maksym, 2019). In the context of global warming and
the significant decline in Arctic sea ice cover, the Antarctic
sea ice area has unexpectedly increased over recent decades
(Zhang, 2007; Parkinson and Cavalieri, 2012; Comiso et al.,
2017) but dropped to a historic low in 2017 and again in
2022 (Turner and Comiso, 2017; Turner et al., 2022). Dur-
ing 2016-2020, the sea ice coverage in the Southern Ocean
did not recover and set eight new Antarctic monthly record
lows instead (Parkinson and DiGirolamo, 2021). However,
it is still unclear if the recent increase in the Antarctic sea
ice area has also been accompanied by a similar change in
sea ice thickness. Sea ice thickness combined with sea ice
area is necessary to quantify the sea ice volume and sea ice
mass (e.g., Kurtz and Markus, 2012; Massonnet et al., 2013).
Changes in sea ice volume can influence the freshwater in-
put into the Southern Ocean. Moreover, sea ice thickness is
also necessary for assessing sea ice mass balance and the sur-
face energy budget and for predicting changes in the polar
climate system. Compared to the Arctic, knowledge about
Antarctic sea ice thickness remains sparse. More accurate es-
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timations are needed to monitor and quantify global sea ice
volume more precisely (Connor et al., 2009) and to improve
sea ice components in model simulations (e.g., McLaren et
al., 2000).

However, Antarctic sea ice thickness information is diffi-
cult to obtain. One type of observation data is in situ mea-
surements providing sea ice thickness at fixed locations and
sometimes allowing users to check the consistency over time.
For example, drill measurements (e.g., Meiners et al., 2012)
are accurate but extremely limited in temporal and spa-
tial coverage, and hence they cannot be used to understand
large-scale Antarctic sea ice thickness distributions. Upward-
looking sonars (ULSs), located at 13 different sites in the
Weddell Sea, provide valuable temporal evolutions of sea ice
draft (Harms et al., 2001; Behrendt et al., 2013a, b), but a
basin-wide spatial distribution cannot be derived. The other
type of data set has short durations but high resolutions, cov-
ering comparably large regions and hence allowing users
to check the spatial variability in the sea ice thickness re-
trieved from satellite data. Ship-based observations collected
by the Antarctic Sea Ice Processes & Climate (ASPeCt) ex-
pert group (Worby et al., 2008a) can provide more spatial
information than drilling, but they tend to underestimate the
actual thickness because of visual interpretation limitations
and biases due to ship routing preferably through thinner
ice (Giles et al., 2008; Williams et al., 2015). In addition,
airborne electromagnetic (AEM) data which provide the to-
tal freeboard (sea ice freeboard plus snow depth) were col-
lected during expeditions like ISPOL (2004-2005) (El Nag-
gar et al., 2007), WWOS (2006) (Lemke, 2009) and AWECS
(2013) (Lemke, 2014). Yet, the Antarctic AEM data are still
sparse and have mostly been obtained in the Weddell Sea.
The NASA airborne remote sensing program Operation Ice-
Bridge provides along-track data of total freeboard and snow
depth estimations in the Weddell Sea and Bellingshausen—
Amundsen seas (Koenig et al., 2010), which have been in-
vestigated in some valuable studies previously (e.g., Kwok
and Maksym, 2014; Kwok and Kacimi, 2018; Wang et al.,
2020). Despite covering limited regions and/or time periods,
all these various observational data sets are extremely useful
for the evaluation of models and satellite retrieval methods.
More recently, satellite remote sensing has been widely ap-
plied to investigate the spatial coverage and long-term trends
of sea ice thickness over the whole Southern Ocean. Pas-
sive microwave sensors are used to obtain thin ice thick-
ness (below 0.2 m) by retrieving the brightness temperature
and are effectively applied in coastal polynyas (Nihashi and
Ohshima, 2015). Satellite altimetry, including radar and laser
altimetry, has also been used to retrieve sea ice thickness
(e.g., Giles et al., 2008; Kurtz and Markus, 2012; Kacimi
and Kwok, 2020) and has proven to currently be the best
source for Antarctic-wide sea ice thickness retrieval over the
full thickness range.

Within the framework of the Sea Ice Climate Change
Initiative (SICCI) project, radar altimeter data collected
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by European Space Agency (ESA) satellites over the past
2 decades have been reprocessed and assessed. Based on
these data, a new SICCI sea ice thickness data set was re-
leased in 2018 as version 2.0, including the two radar altime-
try satellites Envisat and CryoSat-2 (Hendricks et al., 2018a,
b). The SICCI product covers the entire Antarctic sea ice for
the complete annual cycle from 2002 to 2017. SIT retrieval
from radar altimetry is based on the assumption that the dom-
inant source of radar backscatter is the snow—ice interface
(Beaven et al., 1995), and sea ice freeboard is measured by
differential ranging over sea ice and ocean surfaces, illus-
trated in Fig. 1. Snow affects the radar altimetry SIT retrieval
in two ways. Firstly, snow depth is required to correct the
radar wave speed in snow and hence to appropriately convert
the radar freeboard into the sea ice freeboard, as well as to
convert sea ice freeboard into sea ice thickness. Secondly, the
presence of snow modifies how the radar signal is reflected
by the ice—snow system. Specifically, over Antarctic sea ice,
the complex snow stratigraphy and frequent snow flooding
associated with the formation of snow ice and superimposed
ice affect radar altimetry measurements (Willatt et al., 2010),
i.e., the assumption of Beaven et al. (1995), are for dry snow
only. Besides, the snow depth climatology used in the re-
trieval of Envisat and CryoSat-2 SIT can cause biases due
to neglecting inter-annual variability in snow depth (Bunzel
et al., 2018). The SICCI Antarctic SIT data record has there-
fore been categorized as experimental data by the data pro-
ducers compared to a more mature climate data record in the
Arctic. Additional uncertainties in the radar altimeter range
retrieval arise from the surface-type mixing (Schwegmann et
al., 2016; Paul et al., 2018; Tilling et al., 2019) and surface
roughness (Hendricks et al., 2010; Ricker et al., 2014; Landy
et al., 2020). In addition, due to larger footprints compared
with laser altimeters, radar altimeter measurements can be
more affected by surface-type mixing and surface roughness.

The Geoscience Laser Altimeter System (GLAS) aboard
the Ice, Cloud, and land Elevation Satellite (ICESat) allows
estimating the total freeboard through the determination of
the surface elevation from 2003 to 2009, illustrated in Fig. 1.
This data set has been used in previous studies for many
years (e.g., Markus et al., 2011; Yi et al., 2011; Kurtz and
Markus, 2012; Xie et al., 2013; Kern and Spreen, 2015). In
contrast to radar altimetry, laser altimetry has the advantage
of a well-defined reflective horizon, which is the air—snow
interface. The main deficiencies of [CESat data are data gaps
due to cloud coverage and more generally the discontinuous
and short observation periods. Therefore, ICESat data cannot
reflect the current characteristics of the fast-changing Antarc-
tic sea ice. However, ICESat-2, which has been in orbit since
2018, provides a new source of year-round observations of
total freeboard and better coverage than ICESat (Kwok et al.,
2019; Kacimi and Kwok, 2020).

Both the Envisat and the CryoSat-2 SIT in the Southern
Ocean have already been evaluated with the drilling, AEM,
ULS and ship-based data (Kern et al., 2018). These evalua-
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Figure 1. An illustration of measuring freeboard using ICESat and
Envisat and the ULS measurement principle. Note that radar altime-
ter on Envisat usually penetrates to somewhere between the air—
snow and snow—ice interfaces (Willatt et al., 2010), which is one of
the main sources of Envisat SIT uncertainties.

tions are comprehensive but still have their limitations due to
small spatial coverage or short temporal coverage. Thus, we
cannot achieve an overall understanding of their data qual-
ity. To obtain a better understanding of the characteristics of
the SICCI product version 2.0, we aim to investigate how the
SICCI Envisat SIT compares with the ICESat SIT and also
how the different altimeters and retrieval methods are rep-
resented in the SIT distribution. Based on the former inter-
comparison study (Kern et al., 2016), we choose the ICESat
SIT derived from the modified density approach for com-
parison, which seems to agree with average SIT from inde-
pendent observations like ASPeCt, ULS and AEM and has a
reasonable winter-to-spring growth (Kern et al., 2016). Fur-
thermore, in order to evaluate the ICESat and Envisat data in
the Weddell Sea, we also compare both SIT records with the
Weddell Sea ULS data first.

The study is organized as follows. In Sect. 2, we describe
the data used in this study in detail. Section 3 presents the
results of both the Weddell Sea ULS data validations and the
inter-comparisons between the two satellite data sets. Poten-
tial reasons for the spatial and temporal differences are dis-
cussed in Sect. 4. The main results are summarized in Sect. 5.

2 Data and methods
2.1 Sea ice thickness from Envisat RA-2

SICCI provides a set of Antarctic sea ice freeboard and thick-
ness data (Hendricks et al., 2018b) obtained from the satellite
missions Envisat (2002-2012) and CryoSat-2 (2010-2017).
With 50 km grid resolution and monthly temporal resolution,
there is a successive year-round record for Antarctic sea ice
freeboard and thickness on the Equal-Area Scalable Earth
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(EASE) grid. Since only Envisat shares overlapping peri-
ods with ICESat, we focus on the characteristics of the En-
visat radar altimeter. Envisat was launched on 1 March 2002,
and the mission ended on 8 April 2012. The Radar Altime-
ter 2 (RA-2) aboard Envisat is a nadir-looking pulse-limited
sensor operating at the main frequency of 13.575 GHz (Ku-
band), with a secondary frequency of 3.2 GHz (S-band) com-
pensating for the ionospheric error (Zelli and Aerospazio,
1999). It has an orbit inclination of 98.55°, covering the
whole ice-covered Southern Ocean, and nominal circular
footprints of 2—10 km in diameter (Peacock and Laxon, 2004;
Connor et al., 2009). Because RA-2 is the only altimeter car-
ried by Envisat, we refer to it as Envisat hereafter.

The Envisat radar freeboard is retrieved based on the radar
ranges obtained from RA-2 Level-1 waveform data over ice
surface and leads between ice floes. Ideally, the signal will
return at the interface between snow and ice based on ex-
perience from laboratory work (Beaven et al., 1995). Then,
snow-depth-dependent radar signal delay is applied to con-
vert the radar freeboard into the sea ice freeboard. An illus-
tration of sea ice freeboard is shown in Fig. 1, which is the
sea ice surface elevation relative to the sea surface elevation.
Sea ice thickness is retrieved from sea ice freeboard based on
the hydrostatic-equilibrium approach as first used by Laxon
et al. (2003), who apply this method to ERS altimetry (ERS
is the predecessor of the Envisat RA-2 instrument):

] = F pwater + S Psnow , (1)
Pwater — Pice

where F represents Envisat sea ice freeboard; S represents
snow depth; I represents sea ice thickness; and pwater, Psnow
and pjc. refer to the densities of the seawater, snow and
sea ice, respectively. A snow depth climatology is employed
to retrieve sea ice thickness from sea ice freeboard here
(Markus and Cavalieri, 1998; Comiso et al., 2003). This
snow depth climatology is derived from the passive mi-
crowave sensors Advanced Microwave Scanning Radiome-
ter for EOS (AMSR-E, 2002-2011, where EOS stands for
Earth Observing System) and Advanced Microwave Scan-
ning Radiometer 2 (AMSR2, 2012-2017), is based on a re-
vised approach with different tie point retrieval plus addition
of retrieval errors, and is provided by the Integrated Climate
Data Center (ICDC).

In addition, it is noted that Envisat sea ice thickness repre-
sents the actual SIT (i.e., SIT of the ice-covered fraction of
the grid cell area) and that values with sea ice concentration
(SIC) of less than 70 % have been removed during Envisat
SIT retrieval.

2.2 Sea ice thickness from ICESat GLAS

ICESat, operating as part of NASA’s Earth Observing Sys-
tem, provides a set of Antarctic total freeboard from 2003
to 2009. Differently from the sea ice freeboard measured by
radar altimeters, laser altimeters allow the detection of the
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distance between the snow surface and sea surface, as shown
in Fig. 1. ICESat measurements are characterized by laser
footprints of ~ 70 m and sampling distances of 170 m (Kwok
et al., 2004). However, the measurements are not continu-
ous due to cloud coverage, and each measurement campaign
lasted for about 35d (see Fig. 3 in Kern and Spreen, 2015).
There are several ICESat SIT data sets derived from differ-
ent retrieval algorithms. Qualitative inter-comparisons have
been made among several ICESat freeboard-to-thickness re-
trieval approaches (Kern et al., 2016). According to their
conclusions, we choose the product derived with the mod-
ified density approach in this study because of its reason-
able winter-to-spring increase and better agreements with in-
dependent data. The data set is provided by ICDC on the
polar-stereographic grid. The approach considers the snow—
ice layer as one system with a modified density in order to
avoid using a potentially biased snow depth product. Accord-
ing to Kern et al. (2016), the modified density can be derived
as follows:

¥ R pice + Psnow

Pice = o1 2)

where R is the ratio of sea ice thickness over snow depth,
which is a seasonally dependent factor and calculated from
ASPeCt observations (Worby et al., 2008a). And total thick-
ness (sea ice thickness plus snow depth) can be determined
from it as follows:

I—F Pwater 3)

*
Pwater — Pjce

where F represents ICESat total freeboard. Although this
method cannot obtain the real SIT, it still extracts the SIT in-
formation to a large extent. We will discuss the biases caused
by this method in Sect. 4.

The Antarctic mean gridded total freeboard and effective
sea ice thickness (i.e., mean thickness per grid cell including
open-water areas) with a grid resolution of 100 km from 2004
to 2008 are provided in this product. Table 1 presents the
available time periods of this data set. It is noted that grid
cells with SIC of less than 60 % have been removed for the
ICESat SIT retrieval.

2.3 Sea ice thickness from Weddell Sea ULS

The upward-looking sonars (ULSs) located in the Weddell
Sea provide long-term and high-frequency sea ice draft at
each site (Behrendt et al., 2013a, b). The sensors transmit
acoustic pulses upwards with a footprint of 6-8 m in diame-
ter, and the signals are reflected by either the sea ice bottom
or the sea surface, yielding a two-way travel time which can
be converted into distances. The sea ice draft, which is the
depth of the sea ice underwater, can consequently be derived
from the difference in the two distances, shown in Fig. 1. The
intervals of sea ice draft measurements are between 3 and
15 min from November 1990 to March 2008. In this study,
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Figure 2. Map of the different sectors referred to in the study. The
background is the average of the September sea ice thickness from
Envisat during 2003-2011 with 50km grid size. Each sector and
the two ice shelf polynyas are indicated in the figure. The circles
and the corresponding numbers refer to the sites of the ULSs. The
white grid cells stand for areas with sea ice concentration of less
than 70 % or missing data.

we use the monthly average sea ice draft from 2004 to 2008
at three sites, corresponding to Envisat and ICESat operat-
ing time. According to Behrendt (2013), the uncertainties in
sea ice draft vary from 0.05 to 0.12 m, depending on the sea-
sons. The uncertainty in summer is smaller than in other sea-
sons because open water occurs more frequently in the ULS
footprint and thus the estimate of the sea surface height is
more accurate. The mooring locations used in this study are
shown in Fig. 2. Sea ice thickness (z) is converted from the
sea ice draft (d) through an empirical formula established
from drilling data in the Weddell Sea (Harms et al., 2001):

z(m) = 0.028 + 1.012d (m). )

This empirical equation is based on the assumption that the
snow depth values from drillings and ULS are comparable.
But it still bears the uncertainties from the production of
slush and snow ice caused by flooding (Harms et al., 2001).
All the SIT data used in this study have been summarized in
Table 2.

2.4 Spatial and seasonal divisions

The comparisons are made for different seasons and dif-
ferent sectors between the two SIT data sets. The seasonal
classification is based on the ICESat operating periods pre-
sented in Table 1 following Kurtz and Markus (2012). For
each ICESat operating period, we choose the corresponding
Envisat monthly data, also given in Table 1. We employ a
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Table 1. ICESat operating periods and Envisat periods used for the comparisons. The three seasons are divided according to the ICESat
operating periods. Note that ON is October—November, FM is February—March and MJ is May—June.

Years Summer (FM) ‘ Autumn (MJ) ‘ Spring (ON)

ICESat Envisat | ICESat Envisat | ICESat Envisat
2004 17 February to 20 March 1 February to 31 March | 18 May to 20 June 1 May to 30 June | 3 October to 8 November 1 October to 31 November
2005 17 February to 22 March 1 February to 31 March | 20 May to 22 June 1 May to 30 June | 21 October to 23 November 1 October to 31 November
2006 22 February to 26 March 1 February to 31 March | 24 May to 25 June 1 May to 30 June | 25 October to 26 November 1 October to 31 November
2007 12 March to 14 April 1 March to 30 April - - 2 October to 4 November 1 October to 31 November
2008 17 February to 20 March 1 February to 31 March | — - - -

Table 2. A summary of the sea ice thickness data used during the comparison, including different data sources, spatial resolutions, temporal

resolutions and snow products.

Source Instrument Operation time ~ Footprint ~ Grid resolution ~ Temporal resolution ~ Snow product
Envisat Radar altimeter 2002-2011 2-10km  50km grid Monthly average AMSR-E climatology
ICESat Laser altimeter 2003-2009 70m 100 km grid See Table 1 ASPeCt observations
Weddell Sea ULS  Upward-looking sonars ~ 1990-2010 6-8m Single point Monthly average Built into Eq. (4)

time-weighted average of the monthly Envisat data to match
the ICESat period. For example, considering the ON04 pe-
riod from 3 October to 8 November in 2004, which is 37d
long — 29d in October and 8d in November — we calcu-
late the corresponding Envisat SIT as SITonopsa = (29/37) x
(SIToctober) + (8/37) x (SITNovember)- We use this weighing
equation only for grid cells where valid Envisat SIT data exist
in both months, while the weighing is not conducted for grid
cells where valid data only exist in either one of the months.
It is noted that this approach can lead to considerably larger
coverage of Envisat SIT data than ICESat; thus we only show
grid cells where both Envisat and ICESat have valid SIT and
only take those values in the statistical computation.

Besides, since the Antarctic sea ice characteristics show
regional differences, we divide the Southern Ocean into six
sectors (Fig. 2) following Worby et al. (2008a) for the dis-
cussion.

3 Results and discussion
3.1 Comparisons with Weddell Sea ULS

Before the inter-comparison between Envisat and ICESat
SIT, both of them are compared with ULS observations.
The ULS sea ice draft has been converted into monthly
sea ice thickness data with Eq. (4) in Sect. 2.3. Both En-
visat and ICESat SIT have been interpolated onto each
ULS location in the nearest-neighbor way. In order to com-
pare the SIT from the two satellites with the ULS ob-
servations, we first compute the ICESat effective SIT by
dividing the SIT by the SIC at each grid cell. The SIC
data are derived from the Special Sensor Microwave/Im-
ager (SSM/I) and Special Sensor Microwave Imager/Sounder
(SSMIS) based on the ASI algorithm provided by ICDC
(Kaleschke et al., 2001; https://www.cen.uni-hamburg.de/en/
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icdc/data/cryosphere/seaiceconcentration-asi-ssmi.html, last
access: 25 September 2020) with 12.5 km spatial resolution,
interpolated to a 100 km National Snow and Ice Data Center
(NSIDC) polar-stereographic grid and averaged over respec-
tive ICESat measurement periods. During ICESat operating
periods, there are only three sites with valid data for the com-
parison: 207, 229 and 231 (shown in Fig. 2). The sites can
be divided into two regions. Site 207 is near the coast of
the Antarctic Peninsula, mostly characterized by perennial
ice, while the others belong to the eastern Weddell Sea, pre-
dominantly characterized by first-year ice. The correspond-
ing time periods of each SIT product are listed in Table 3.
Figure 3 presents the time series of sea ice thickness for
Weddell Sea ULS, Envisat and ICESat data at each site. Due
to the operating-period gaps and lack of valid data along
the coast, ICESat only provides a limited number of mea-
surements for comparison. The gaps of Envisat SIT origi-
nate from grid cells with SIC below 70 % or missing data
caused by failure of retrieval or of the instrument. The error
bars show the uncertainty estimates for the respective SIT
products. Envisat SIT uncertainties are computed as the er-
ror propagation of all input uncertainties with the assump-
tion that the seawater density is negligible (see Sect. 2.9.8
in Paul et al., 2017). ICESat SIT uncertainties are also cal-
culated based on the uncertainties in densities and freeboard
(Kern et al., 2016). We also add the ULS error bars by cal-
culating standard deviations (SDs) of the ULS SIT for each
month. We find that either Envisat or ICESat SIT is not con-
sistent with the sea ice thickness observed from ULSs. In the
western Weddell Sea along the coast of the Antarctic Penin-
sula (at site 207), the ULS thickness ranges between 0 and
1.5m, without a clear seasonal cycle due to a mixture of
deformed and undeformed sea ice (Williams et al., 2015).
Envisat thickness exceeds ULS thickness, with a maximum
value larger than 5 m. In comparison, ICESat thickness also
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Table 3. Respective operation times of the ULS, Envisat (Env) and ICESat (ICE) sea ice thickness data sets during the comparison between

ULS and satellite SIT.

ICE

ULS
Site 207 April 2005 to March 2008
Site 229 January 2003 to November 2005
Site 231  March 2005 to February 2008

April 2005 to March 2008
January 2003 to November 2005
March 2005 to February 2008

MIJO05 to FM08
FMO04 to ONO5
FMO5 to ONO7

exceeds ULS thickness, and only a few ULS observations fall
within the possible ICESat SIT range indicated by the error
bars. In the eastern Weddell Sea (at sites 229 and 231), ICE-
Sat has a few overestimations while Envisat has larger over-
estimations. Note that the realistic ICESat SIT would be con-
siderably smaller due to the retrieval method mentioned in
Sect. 2.2, about 0.2—0.4 m at site 207 and 0.15—0.3 m at sites
229 and 231 depending on the seasons (Fig. S3). The differ-
ences in the error bars between Envisat and ICESat mainly
result from their different spatial scales, the inclusion of snow
depth uncertainty and lack of adequate regard for potential
correlations between the error contribution in Envisat SIT,
hence making it difficult to estimate realistic uncertainties.
Table 4 shows the mean differences (MDs), SDs and root
mean square deviations (RMSDs) for Envisat — ULS and
ICESat — ULS and the numbers of comparison pairs. The
Envisat and ULS SITs are all time-weighted, and the calcula-
tions are conducted when all three products have valid data.
The statistics show that both MDs are the largest at site 207
(1.63 m for Envisat — ULS and 1.73m for ICESat — ULS)
and the smallest at site 229 (0.72 m for Envisat — ULS and
0.42m for ICESat — ULS). However, the numbers of valid
data are too small to derive a reliable conclusion on the accu-
racy of ICESat. The comparison is based on more data pairs
for Envisat, but the agreement of the seasonal cycle is bad
qualitatively (Fig. 3).

The uncertainties in such comparisons cannot be ignored.
The ULS measurements are recorded at fixed locations with
approximately 6-8 m footprint in diameter, while Envisat
(ICESat) has a footprint of 2—10 km (70 m) and the SIT data
used in the comparison represent mean values over 50 km
(100 km) grid cells. Large resolution differences can increase
the selection biases. While the ULS measures a single point
like a ridge or the edge of thin ice, satellites will survey
a large area. In addition, though the ULS SIT and satellite
SIT are all monthly mean values, one ICESat SIT grid cell
is scanned once or twice on most occasions through a mea-
surement period (see Fig. 3 in Kern and Spreen, 2015). Aver-
ages based on such a small number of measurements have a
limited representation of the mean SIT throughout the whole
month. Theoretically, the more valid measurements exist in
one grid cell, the more accurate the mean SIT. In general, un-
certainties from both spatial interpolation and temporal rep-
resentation can affect the comparisons. However, considering
the typical sea ice motion (Drucker et al., 2011) in the Wed-
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dell Sea, monthly average ULS SIT could be referred to as a
spatial average value, representing 100 km around the fixed
ULS positions. With the sea ice motion data from NSIDC in-
troduced in Sect. 2.4, the 30 d origins of the sea ice passing
the three ULS sites from 2 July to 31 July 2011 are shown in
Fig. S1, and they are spatially coherent.

3.2 Inter-comparisons between Envisat and ICESat

We first conduct an overall comparison between Envisat and
ICESat effective SIT for each ICESat operating period in
each season, as shown in Figs. 4-6. The effective Envisat
SIT is calculated by multiplying the SIC contained in the
data for each grid from OSI SAF Global Sea Ice Concen-
tration (OSI-409) and the OSI SAF Global Sea Ice Con-
centration continuous reprocessing offline product (OSI-430)
(http://osisaf.met.no, last access: 25 September 2020). The
inter-comparisons are carried out by linearly interpolating
Envisat SIT onto the ICESat polar-stereographic grid with
100 km grid resolution. The results suggest that there are sub-
stantial inter-seasonal and inter-annual differences between
the two SIT data sets.

In spring (ON), both positive and negative differences ex-
ist between Envisat and ICESat SIT (Env —ICE), shown
in Fig. 4. Envisat and ICESat are both able to capture
the thick ice located in the western Weddell Sea and the
Bellingshausen—Amundsen seas. Thick sea ice along the
coast of the western Pacific Ocean is also detected by both
sensors, but their mean SITs in 2004 are thicker than the ship-
based observations (0.63 m; Worby et al., 2008a). The latter
come from the average of 48 observations during the Aurora
Australis cruise from 16 October to 7 November in 2004 cov-
ering 107-126° E. Note that a large SD (0.7 m) exists among
the observations, and the ship-based estimates may not suffi-
ciently represent the coastal sea ice. Thin ice in the Ross Sea
is not captured by Envisat (Kern et al., 2018), while the Ross
Ice Shelf polynya (indicated in Fig. 2) is present in the ICE-
Sat fields. Similarly, the Ronne Ice Shelf polynya appeared
only in ICESat fields in 2007 but not in Envisat fields. A
fringe with no data along most of the East Antarctic coast
is caused by ICESat data gaps and indicates that the 100 km
ICESat product fails to resolve the sea ice close to the coast.
This can be attributed to a different land mask used in the
ICESat product and consideration of lower freeboard qual-
ity there. Table 5 provides the respective SIT and their SDs,
differences, RMSDs, correlation coefficients (CCs) and num-
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Figure 3. Time series of sea ice thickness and their uncertainties for the Weddell Sea ULS data, Envisat and ICESat. The numbers at the top
represent the location of each site for the comparisons. The site locations can be found in Fig. 2. ICESat SIT values are placed between the
2 months that each period covers. Time is given in the format year/month.

Table 4. Statistical results of the comparison between two satellite SIT products with ULS data. N is the number of comparison pairs.

Site Env — ULS \ ICE — ULS N
MD (m) SD(m) RMSD(m) | MD(m) SD(m) RMSD (m)

207 1.63 0.67 0.60 1.73 0.70 062 5

229 0.72 0.61 043 0.42 0.07 005 2

231 111 041 033 0.55 0.29 024 3

Average 1.29 0.65 062 | L1l 0.81 0.77 10

bers of comparison pairs. In general, the difference between
Envisat and ICESat spring SIT is close to zero, ranging from
—0.16 m in 2006 to +0.10 m in 2007. However, these differ-
ences have to be seen in the light of the large SDs (~ 0.6 m)
and the fact that ICESat SIT values include the snow depth.
The RMSD is the smallest by 0.39 m among three seasons,
and CC is 0.68, with the significance larger than 95 %. Note
that in order to obtain the seasonal mean SIT, we compute
the seasonal mean SIT only from grid cells where values are
available from both data sets and available for all 3 years in
autumn, at least 3 of 4 years in spring and at least 3 of 5 years
in summer. The numbers of grid cells used in the calculation
are listed in the last column in Table 5.

At the end of summer melt (FM), the ice coverage is lim-
ited to the western Weddell Sea, Bellingshausen—Amundsen
seas along the coast and southern Ross Sea (Fig. 5). In the
western Weddell Sea, Envisat shows that thick ice still exists
and remains at least 3 m thick, while ICESat shows thinner
ice. As for the Ross Ice Shelf polynya, ICESat displays thin
ice lower than 1 m in 2004, 2007 and 2008, while Envisat
detects sea ice of up to 1.5 m, much larger than expected sea-
sonal ice thickness. According to Table 5, the numbers of
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comparison pairs are small. Generally, Envisat SIT exceeds
ICESat SIT by 0.52 m in summer, with the largest RMSD by
0.68 m and the smallest correlation values by 0.40 among the
three seasons. Considering the ICESat SIT excluding snow
depth, the real differences should be larger.

In autumn (MJ), SIT patterns of the two data sets are com-
parable, shown in Fig. 6. The differences between Envisat
and ICESat SIT are consistently positive over all regions ex-
cept some regions in the East Antarctic. Compared with sum-
mer, the positive differences in the western Weddell Sea ex-
pand to positive differences over the whole Weddell Sea sec-
tor, and the differences decrease from west to east. In addi-
tion, positive differences in the Ross Ice Shelf polynya still
exist, mostly due to Envisat’s inability to capture the thin ice
there (Comiso et al., 2011; Tian et al., 2020), which has been
pointed out in Kern et al. (2018), who identified a substan-
tial SIT difference between Envisat and CryoSat-2 in that
region. According to Table 5, despite the largest mean dif-
ference (0.57 m) and large RMSD (0.47 m), the correlation
in autumn is actually the highest of the three seasons investi-
gated (0.71).
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Table 5. Statistical results of the comparisons between Envisat sea ice thickness and ICESat sea ice thickness for each ICESat operating
period. The correlation coefficients (CCs) in italic type have not passed the 95 % significance test. N is the number of comparison pairs.

Env (SD) (m)

ICE (SD) (m)

Difference (SD) (m) RMSD (m) CC N

Summer (FM)  Seasonal average 2.51 (0.66) 1.99 (0.58) 0.52 (0.68) 0.68 0.40 170
2004 2.56 (0.76) 2.00 (0.79) 0.56 (0.77) 0.77 0.51 179
2005 2.82(0.82) 2.35(0.82) 0.47 (0.85) 0.84 047 139
2006 2.47 (0.69) 2.07 (0.74) 0.40 (1.02) 1.02  0.00 122
2007 2.16 (0.76) 1.69 (0.80) 0.47 (0.88) 0.88 0.36 236
2008 2.45 (0.82) 1.87 (0.61) 0.58 (0.92) 091 0.21 185
Autumn (MJ) Seasonal average 1.92 (0.65) 1.35 (0.55) 0.57 (0.45) 047 0.71 735
2004 1.87 (0.70) 1.33 (0.62) 0.54 (0.58) 0.58 0.61 887
2005 1.88 (0.76) 1.42 (0.68) 0.46 (0.66) 0.66 0.58 903
2006 1.81 (0.61) 1.32 (0.58) 0.49 (0.62) 0.62 046 911
Spring (ON) Seasonal average 1.62 (0.48) 1.62 (0.50) 0.00 (0.39) 0.39 0.68 886
2004 1.63 (0.60) 1.65 (0.67) —0.02 (0.60) 0.60 0.57 1057
2005 1.59 (0.60) 1.53 (0.65) 0.06 (0.62) 0.62 0.51 888
2006 1.48 (0.54) 1.64 (0.66) —0.16 (0.58) 0.58 0.55 828
2007 1.67 (0.59) 1.57 (0.59) 0.10 (0.58) 0.58 0.52 1124

To investigate the development of two SIT data sets from
the end of melting to the end of freezing, we provide the
probability distribution of the Envisat SIT and the ICESat
SIT for all the valid individual comparison pairs where both
Envisat and ICESat have valid SIT, shown in Fig. 7. The
mean and modal SITs of both data sets are marked besides.
In summer, the agreement between Envisat SIT and ICE-
Sat SIT is not good, mainly due to their different perfor-
mance on thick ice in the Weddell Sea (Fig. 5). Envisat still
presents a larger mean and modal thickness than ICESat in
autumn. In spring, the two data sets have similar distribu-
tions, represented by similar mean and modal thicknesses. In
addition, we find that ICESat mean SIT increases while En-
visat mean and modal SIT decreases from autumn to spring.
For Envisat SIT, the distribution indicates that more ice is in
thinner categories in spring than autumn, while more ice in
thicker categories is found for ICESat SIT. Therefore, we fur-
ther compare the mean variations in Envisat SIT, ICESat SIT,
Envisat freeboard, ICESat freeboard and snow depth clima-
tology used in Envisat retrieval from autumn (MJ) to spring
(ON), shown in Fig. 8. The average fields are calculated with
grid cells where both Envisat and ICESat SIT have valid val-
ues in all 3 years from 2004 to 2006. Figure 8 shows that
Envisat SIT experiences general decreases from May—June
to October—November (MJON) except in the Bellingshausen
Sea and part of the Amundsen Sea. Significantly large de-
creases exist in the western Weddell Sea. In contrast, ICE-
Sat SIT presents large-scale increases except in the western
Weddell Sea and Ross Sea where slight decreases exist. By
comparing the SIT and freeboard changes of both products,
we find that the freeboard differences dominantly explain the
SIT differences. Based on our analyses above and the com-
mon assumptions during ice freeze-up, the Envisat freeboard

The Cryosphere, 16, 44734490, 2022

is likely overestimated in autumn, as has been previously
pointed out in several studies (e.g., Willatt et al., 2010; Kwok
and Kacimi, 2018; Kacimi and Kwok, 2020). Moreover, the
decreased snow depth climatology in the western Weddell
Sea and Ross Sea (Fig. 8e) also contributes to the Envisat
SIT change, which has been reported by Kern and Ozsoy-
Cigek (2016), who found that AMSR-E snow depth is likely
to underestimate the snow depth evolution during MJON.

Figure 9 presents scatterplots of the individual compari-
son pairs between Envisat SIT and ICESat SIT for each re-
gion and each season. Respective CCs and RMSDs are indi-
cated in the panels. Due to the limited measurements in the
Indian Ocean and western Pacific Ocean, we combine them
into the whole East Antarctic. For all five sectors, Envisat SIT
tends to exceed ICESat SIT on thin ice. From Fig. 9a, we can
see that in the western Weddell Sea, the summer and autumn
SIT clouds exceed the spring ones. This reveals that ICESat
SITs are nearly constant through all three seasons in the west-
ern Weddell Sea, while Envisat SITs are noticeably larger in
summer and autumn, also shown in Table 6. From FM to ON,
Envisat SIT changes from 3.01 to 3.18 to 2.23 m, while ICE-
Sat SIT changes from 2.04 to 2.28 to 2.23 m. Considering
the regional average differences between Envisat and ICE-
Sat SIT, the largest difference (0.63 m) is found in the west-
ern Weddell Sea and the smallest is in the Bellingshausen—
Amundsen seas (0.09 m). Differences are small during spring
for all regions except the East Antarctic. The largest CC is
found during autumn for the Bellingshausen—Amundsen seas
(0.58), and the smallest is during autumn for the Ross Sea
0.1).
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Table 6. Statistical results of the comparisons between Envisat sea ice thickness and ICESat sea ice thickness for each region divided as
in Fig. 9. N is the numbers of comparison pairs, taking into account the actual number of values per season. Bell/Amund denotes the

Bellingshausen and Amundsen seas.

Env (SD) (m) ICE (SD) (m) Difference (SD) (m) RMSD (m) CC N

W Weddell Regional average 2.80(0.87) 2.17 (0.72) 0.63 (0.91) 091 0.36 892
Summer (FM) 3.01 (0.67) 2.04 (0.66) 0.97 (0.77) 0.77 0.32 329

Autumn (MJ) 3.18 (0.88) 2.28 (0.74) 0.90 (0.77) 0.77 0.57 263

Spring (ON) 2.23 (0.75) 2.23 (0.76) 0.00 (0.84) 0.84 0.38 300

E Weddell Regional average 1.69 (0.59) 1.35 (0.54) 0.34 (0.58) 0.58 0.46 2405
Summer (FM) 2.45 (0.77) 1.87 (0.70) 0.58 (0.74) 0.74 0.50 210

Autumn (MJ) 1.76 (0.51) 1.08 (0.40) 0.68 (0.45) 0.44 0.55 921

Spring (ON) 1.51 (0.48) 1.46 (0.49) 0.05 (0.48) 048 0.51 1274

East Antarctic  Regional average 1.45 (0.59) 1.57 (0.69) —0.12 (0.69) 0.69 042 1535
Summer (FM) 2.20 (0.84) 2.36 (1.05) —0.16 (0.98) 097 049 81

Autumn (MJ) 1.55 (0.53) 1.49 (0.61) 0.06 (0.71) 0.71 0.23 521

Spring (ON) 1.32 (0.52) 1.55 (0.65) —0.23 (0.63) 0.63 044 933

Ross Sea Regional average 1.72 (0.45) 1.41 (0.55) 0.31 (0.57) 0.57 036 2047
Summer (FM) 1.85 (0.49) 1.64 (0.77) 0.21 (0.78) 0.78 0.30 215

Autumn (MJ) 1.72 (0.37) 1.20 (0.37) 0.53 (0.49) 049 0.10 749

Spring (ON) 1.69 (0.49) 1.52 (0.55) 0.17 (0.52) 0.52 0.50 1083

Bell/Amund Regional average 1.96 (0.65) 1.87 (0.80) 0.09 (0.71) 0.71 0.54 694
Summer (FM) 2.26 (0.54) 2.31 (0.82) —0.05 (0.79) 0.79 040 63

Autumn (MJ) 1.92 (0.60) 1.62 (0.72) 0.30 (0.62) 0.62 0.58 282

Spring (ON) 1.95 (0.69) 2.00 (0.79) —0.05 (0.72) 0.72 0.54 349

4 Potential reasons for the differences

There are two main differences between the two data sets.
For one they use different sensors to determine surface eleva-
tion and freeboard. Envisat is equipped with a Ku-band radar
altimeter (RA-2) whose backscatter is assumed to originate
from the snow—ice interface. It is known that this assump-
tion is flawed for snow that is wet, not cold and without a
homogenous stratigraphy (Willatt et al., 2010). Instead, ICE-
Sat is equipped with a laser altimeter (GLAS) whose signals
are reflected from the air—snow interface. In addition, con-
sidering the large pulse-limited Envisat footprint of about 2—
10km and smaller footprint of ICESat laser beams of about
70 m, there are very likely differences in the ability to resolve
leads or open water required for an adequate representation
of the local sea surface height during the freeboard retrieval,
as well as in the accurate representation of heterogeneous sea
ice surfaces. The other difference is that they apply different
retrieval algorithms to convert freeboard into thickness. En-
visat directly uses the hydrostatic equilibrium together with a
snow depth climatology derived from AMSR-E and AMSR2
data, while ICESat uses the hydrostatic equilibrium accom-
panied with a modified snow—ice density method to reduce
the influence of the often regionally biased snow depth prod-
uct. The effects of these differences between both products
are discussed in the following.
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4.1 Differences due to sensors

It is assumed that the dominant backscatter horizon for a
Ku-band radar altimeter is the snow—ice interface for cold
and dry snow (Beaven et al., 1995). However, this would
not always be the case in the Southern Ocean according to
the field investigations conducted by Willatt et al. (2010).
They demonstrate that the dominant scattering surface of
the Ku-band radar lies within the snowpack, usually at half
of the mean snow depth, when the snow cover is not cold
and dry. Wet conditions can affect the dielectric properties
of snow and then weaken the penetration of radar altime-
ter signals into the snow. Consequently, RA-2 range mea-
surements could be biased high when the main scattering
horizon is located within the snowpack, which would lead
to larger sea ice freeboard and larger sea ice thickness. The
salinity of the basal snow layer also contributes to this ef-
fect (Nandan et al., 2017). Such biases are also shown by
Kwok and Kacimi (2018), where they find that radar free-
board values from CryoSat-2 are consistently higher than
those computed using Operation IceBridge (OIB) measure-
ments. Other studies that utilize CryoSat-2 radar data in the
Southern Hemisphere have thus explicitly incorporated radar
backscatter from the snow layer into their freeboard retrieval
method (Fons and Kurtz, 2019).
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Figure 4. Comparisons of Envisat versus ICESat sea ice thickness
for each ICESat operating period in spring (October and Novem-
ber). The first and second columns show the sea ice thickness dis-
tribution of Envisat and ICESat, respectively, and the last column
shows the difference field (Envisat minus ICESat) of sea ice thick-
ness. Each row represents a year from 2004 to 2007. The maps
are all interpolated onto the polar-stereographic grid of the ICE-
Sat product and only show grid cells where both data sets have
valid SIT. The white cells denote sea ice concentration less than
the threshold or missing data.

The sensitivity of Envisat SIT (/) to sea ice freeboard (F)
can be calculated from Eq. (1):

drs Pwater

= Puatr (5)
dr Pwater — Pice

We set pwater to 1024 kg m~3 and use Dice values between
880 and 940kgm™3 to cover all mixed types of sea ice.
Figure 10a illustrates the sensitivity of the sea ice thickness
changes in response to sea ice density and sea ice freeboard
biases between 0.02 and 0.1 m in steps of 0.02m. We can
see that SIT changes range from 0.14 to 1.22 m with differ-
ent freeboard biases and density in our experiment. With the
increase in freeboard biases and sea ice density, SIT changes
become larger. Under larger-freeboard-bias conditions, SIT
changes climb faster as density rises. For typical sea ice free-
board biases caused by saline snow (0.07 m for the Arctic
nominal adjustment for first-year ice suggested by Nandan
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Figure 5. Same as Fig. 4 but for summer (February and March).

et al., 2017, 2020), the sea ice density variations induce the
thickness changes ranging from ~ 0.5 to ~ 0.8 m. This could
potentially account for the differences between Envisat and
ICESat SIT in autumn (0.57 m). Therefore, we assume that
in autumn freeboard-bias-induced SIT changes happen fre-
quently. In summer, when snow salinities are significantly
lower than measurements in other seasons (mostly below
0.1%0) but the wetness is high at the snow bottom (Haas
et al., 2001), the freeboard biases also matter because lig-
uid water content affects the snow dielectric properties (Bar-
ber et al., 1995). Besides, based on previous studies (Willatt
et al., 2010; Kwok and Kacimi, 2018; Kacimi and Kwok,
2020), the displacements of radar retracking points and thus
the freeboard biases can be significant in spring. Consider-
ing the small differences between Envisat and ICESat SIT,
we suggest that underestimations of snow depth and biases in
ICESat total thickness might play an important role in spring.
However, detailed sensitivity discussions are limited due to
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Figure 6. Same as Fig. 4 but for autumn (May and June).

lack of seasonal and regional sea ice density and adjustments
to sea ice freeboard.

In addition to the different penetration depths, the two sen-
sors have different footprints. Envisat is a pulse-limited radar
altimeter with a large footprint of 2—10km, and ICESat is
a laser altimeter with a small footprint of about 70 m. This
makes them sensitive to a relative selection bias, primarily
on the side of the altimeters with the lower resolution in the
case of surface-type mixing within the footprint, especially
if the different surface types vary in their backscatter prop-
erties. Higher spatial resolution will mitigate this issue and
subsequently allow a better classification of lead and sea sur-
face height retrieval in principle. Several studies have pointed
out that Envisat freeboard and thickness uncertainties are ele-
vated with respect to other sensors due to sub-footprint-scale
surface-type mixing (Schwegmann et al., 2016; Paul et al.,
2018; Tilling et al., 2019). While this is also directly applica-
ble to radar altimeters with different footprints, the response
to lead surfaces of laser (ICESat) and radar (Envisat) altime-
ters is directly a function not only of footprint size but also of
the altimeter concept. Leads dominate radar backscatter even
if the leads are already covered by thin sea ice for nadir and
off-nadir cases and thus cause an overrepresentation of lead
detections with range biases for off-nadir leads in Envisat
data. Off-nadir reflections are usually detected and removed
from the freeboard retrieval, resulting in an underrepresen-
tation of areas with mixed surface types in the Envisat free-
board statistics. Lead laser backscatter instead is a function of
the surface albedo; thus leads return lower laser backscatter
power, and since ICESat footprints do not overlap, the lead
oversampling and necessary filtering of off-nadir reflections
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are not an issue for laser altimetry. For variable ice surfaces,
the smaller footprint of ICESat has the capability to provide
more detailed observations in areas with heterogeneous ice
conditions than the pulse-limited Envisat footprint.

4.2 Differences due to snow depth

Another source of the differences is the AMSR-E snow
depth. AMSR-E snow depth is retrieved from brightness tem-
perature based on the linear relation between brightness tem-
peratures and in situ observations (Markus and Cavalieri,
1998; Comiso et al., 2003). According to Markus and Cav-
alieri (1998), their AMSR-E snow depth product is limited
to the maximal retrieval value being around 0.50 m because
of the saturation of the signal; i.e., there is no change in the
brightness temperature gradient ratio with increasing snow
depth over a certain limit. Previous studies have shown that
AMSR-E snow depth tends to considerably underestimate
the actual value over deformed sea ice, which usually oc-
curs in the East Antarctic (Worby et al., 2008b; Ozsoy-Cicek
et al., 2011). According to Kern and Ozsoy-Cigek (2016),
AMSR-E snow depths minus the ASPeCt observations are
positive for snow below 0.15 m and negative for snow above
0.3 m. Environmental conditions have great effects on the
snow physical properties such as density, wetness and salin-
ity, and passive microwave snow depth is sensitive to ice
concentration errors, weather effects, grain size, thaw and
refreezing (Markus and Cavalieri, 1998). Particularly, wet
snow caused by melting or flooding could lead to underes-
timations of snow depth while refreezing of wet snow could
lead to overestimations. All of the above biases can affect the
differences between Envisat and ICESat SIT.

According to Eq. (1), we can derive the sensitivity of En-
visat SIT (1) to snow depth (S):

d_l _ Psnow

_ (6)
dS  pwater — Pice

Setting psnow = 300 kg m~3 and taking the same values for
water and sea ice density as in Eq. (5), we can see how
SIT changes in response to sea ice density and snow depth
biases between 0.05 and 0.3 m in steps of 0.05m, shown
in Fig. 10b. Thickness changes rise as snow biases become
larger and also with larger sea ice density. However, com-
pared with Fig. 10a, SIT changes are more sensitive to free-
board biases than to snow biases. For 880kgm™ density,
SIT only changes by 0.1 m every 0.05m snow bias but by
0.14 m every 0.02 m freeboard bias. With typical snow depth
biases (0.2 m for the monthly mean retrieval uncertainty in
Kern and Ozsoy-Cigek, 2016), the thickness changes from
~ 0.4 to ~0.7m. Therefore, snow depth bias is also a crit-
ical factor contributing to the difference between Envisat
and ICESat SIT. In general, passive microwave snow depth
is valid over level ice. During FM, snow is deep, poten-
tially wet and/or metamorphous on thick ice, causing sub-
stantial difficulties for radar altimeters. And for the same
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Figure 7. Probability of the Envisat SIT and the ICESat SIT for all the individual comparison pairs. The blue stairs represent Envisat ice
thickness, and the red stairs represent ICESat ice thickness. The solid lines indicate the modal ice thickness, and the dashed lines indicate the
mean ice thickness of both data sets. The bin size is 0.2 m, and the probability distribution is normalized.
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Figure 8. The average changes in Envisat SIT, ICESat SIT, Envisat freeboard, ICESat freeboard and snow depth climatology used in Envisat
retrieval from autumn to spring (MJON) calculated from 2004, 2005 and 2006.

reasons, passive microwave snow depth is possibly under-
estimated on thick ice not only during FM but also during
other seasons. These snow depths also underestimate actual
snow depth over deformed ice mostly during ON in the East
Antarctic and Bellingshausen and Amundsen seas (Kwok
and Maksym, 2014; Kacimi and Kwok, 2020).

Additionally, more significant effects might come from
the differences between actual snow depth and that repre-
sented by the climatology. During the Envisat SIT retrieval,
the snow depth climatology is employed neglecting the inter-
annual snow variability. According to Bunzel et al. (2018),
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the impact of using a snow depth climatology is small when
the snow depth is thin. The application of snow depth clima-
tology in the SIT retrieval allows reducing the relative uncer-
tainties compared with the actual snow depth values, which
are affected by several factors as discussed above and have
large uncertainties. However, it may also lead to an adverse
outcome when the climatology is constructed from biased
snow depth data, as is the case for the Envisat SIT retrieval.
To further quantify the differences between snow depth cli-
matology and actual snow depth contributions, we simulate
the retrieval of Envisat SIT by replacing the snow depth cli-
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Figure 9. Scatterplots of the individual data pairs between Envisat SIT and ICESat SIT for each region and each season. The data are taken
from all seasons available. Since the comparison pairs are too few in the Indian Ocean and western Pacific Ocean, we combine these two
regions into the East Antarctic. The respective correlation coefficients and RMSDs are indicated in the panels. The black line is the 1-to-1 fit

line, and the dashed colored lines stand for linear regression lines.
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Figure 10. Sensitivity of sea ice thickness changes to sea ice freeboard biases and snow depth biases as a function of sea ice density. (a) SIT
changes computed with Eq. (1) for different sea ice freeboard biases (0.02 to 0.1 m). (b) Similar to (a) but computed for different snow depth

biases (0.05 to 0.3 m).

matology with monthly SICCI AMSR-E snow depth pro-
vided by SICCI (Kern et al., 2015). The new Envisat SIT
is converted through Eq. (1) with Envisat monthly gridded
sea ice freeboard data, monthly AMSR-E snow depth and
the same density values mentioned above. The new Envisat
SIT is compared with ICESat SIT, and the changes to former
Envisat — ICESat differences are shown in Table S1. This re-
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sult reveals that the impacts of snow depth climatology are
larger in the Bellingshausen—Amundsen seas and the west-
ern Weddell Sea compared to other sectors. Among the three
seasons, the changes are larger in summer, partly accounting
for the differences between Envisat and ICESat SIT.
Moreover, the distance between sea ice surface elevations
and the sea surface height is computed with vacuum light
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speed, which is defined as radar freeboard (RFB). A geomet-
ric correction used to correct the slower wave propagation
speed in the snow layer is applied to convert the radar free-
board into the sea ice freeboard (FB):

FB = RFB +0.22 x SD. 7

But the delay correction is based on a conventional assump-
tion that has been assessed by Mallett et al. (2020), which
pointed out that it introduced systematic underestimation of
up to 0.15m into SIT estimates. While this systematic bias
is small compared to those of other sources, uncertainties in
snow depths and incomplete radar wave penetration would
cause larger biases in this way.

4.3 Differences due to ICESat biases

The modified density method used by Kern et al. (2016)
does not consider the small-scale or regional variability in
the snow depth. Instead, only a seasonal constant density de-
rived from the ASPeCt observations is given. Therefore, the
largest uncertainty in ICESat comes from the potential un-
derestimations of the ship-based sea ice thickness and snow
depth observations for the computation of the bulk density of
the ice—snow column (Kern et al., 2016). This bias has been
modified in Li et al. (2018), who derived first-guess values of
snow depth and sea ice thickness directly from ICESat data
with empirical approaches, instead of the observation clima-
tology used by Kern et al. (2016). Besides, this method is
actually providing the total (sea ice plus snow depth) thick-
ness. Taking this into account, the actual ICESat SIT shown
in this paper would possibly even be a bit smaller. To exam-
ine this issue, we subtract the snow depth climatology (used
in Envisat retrieval) from the ICESat data and compare this
with Envisat thickness. The changes to the former differences
are shown in Table S2, which is also a representation of the
snow depth climatology itself. Larger variations exist in the
western Weddell Sea, especially in summer and autumn. In
general, variations are smaller than 0.5 m, yet they lead to
larger positive differences between Envisat and ICESat SIT.
More realistic SIT data are derived in Xu et al. (2021) by sub-
tracting the snow depth. However, we do not aim to choose
the best ICESat SIT product with the most real SIT but to
investigate the causes of the differences between Envisat and
ICESat SIT and how different sensors and retrieval methods
are represented in the SIT fields.

Apart from the uncertainties from the ICESat retrieval
method mentioned above, Kern et al. (2016) also discussed
the potential biases due to total freeboard and sea ice density.
In comparison with the freeboard from Kurtz and Markus
(2012), modal and mean total freeboard values of this prod-
uct are slightly higher, which might be a potential source of
SIT positive biases. The total freeboard retrieved from ICE-
Sat has an uncertainty of up to 0.1 m, mainly due to the
choice of the percentage of observations used as sea sur-
face height tie points (Kern and Spreen, 2015). Meanwhile,
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a smaller sea ice density will lead to smaller modified ice—
snow density and SIT according to Egs. (2) and (3). We ana-
lyze the sensitivity of ICESat SIT to sea ice density and find
an increase of ~0.2-0.4m SIT when sea ice density rises
from 880 to 940kg m~> under seasonal R values and total
freeboard.

5  Summary

In this study, we compare SIT estimates of the sea ice thick-
ness obtained from satellite altimeter observations by En-
visat RA-2 (radar) and ICESat GLAS (laser) in the Southern
Ocean. Envisat and ICESat SIT are compared with ULS SIT
in the Weddell Sea, with the MDs (SDs) of 1.29 (0.65) m for
Envisat — ULS and 1.11 (0.81) m for ICESat — ULS. Then
a systematic comparison between the two data sets is carried
out for all seasons except winter, based on the ICESat operat-
ing periods. According to the results, the differences between
Envisat and ICESat SIT vary from season to season, year to
year and region to region. Specifically, the smallest monthly
average difference (SD in parentheses) for Envisat SIT mi-
nus ICESat SIT exists in spring with 0.00 m (0.39 m), while
larger differences (SD) exist in summer and autumn with
0.52 (0.68 m) and 0.57m (0.45m), respectively. In spring,
ICESat SIT fields reveal the Ross Ice Shelf polynya, while
it is not present in the Envisat data. In summer, the derived
Envisat data show that thick ice still exists in the western
Weddell Sea and remains at least 3 m thick every year, while
ICESat shows thinner ice. Compared to summer, the posi-
tive differences in the western Weddell Sea expand to the
whole Weddell Sea sector and slightly decrease from west to
east in autumn. From the probability distribution, it is noted
that Envisat and ICESat have different SIT variations from
autumn to spring — i.e., ICESat SIT increases while Envisat
SIT does not — but share similar SIT growth from summer
to autumn. Compared to the average changes in Envisat free-
board, ICESat freeboard and snow depth climatology used in
Envisat retrieval during MJON calculated from 2004, 2005
and 2006, we assume the main reason for the Envisat SIT
decrease is the overestimation of Envisat freeboard in au-
tumn and the underestimation of snow depth evolution during
MJON. With respect to different sectors, the regional MDs
(SDs) are 0.63 m (0.91 m) in the western Weddell Sea, 0.34 m
(0.58 m) in the eastern Weddell Sea, 0.31 m (0.57 m) in the
Ross Sea, —0.12 m (0.69 m) in the East Antarctic and 0.09 m
(0.71 m) in the Bellingshausen—Amundsen seas. Our sensi-
tivity experiments show that Envisat SIT changes are more
sensitive to sea ice freeboard biases than to snow depth bi-
ases. Additionally, increasing sea ice density causes larger
SIT changes. Usage of snow depth climatology has moder-
ate impacts on SIT estimates in the summer Bellingshausen—
Amundsen seas and western Weddell Sea. Moreover, ICESat
SIT can have an increase of ~ 0.2—-0.4 m when sea ice den-
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sity rises from 880 to 940 kg m~> under seasonal R values
and total freeboard.

While we choose one of the ICESat SIT products to con-
duct the comparison, there are several other ICESat SIT
products using different retrieval algorithms available, e.g.,
the SICCI product discriminating between positive and nega-
tive sea ice freeboard (Kern et al., 2016) or the one assuming
zero sea ice freeboard in freeboard-to-thickness conversion
(Kurtz and Markus, 2012). These different products provide
a range of values within which ICESat SIT may be located;
thus the differences between Envisat and ICESat SIT in this
study are just one of the possible outcomes.

Through the study, we acknowledge that there are differ-
ences between Envisat and ICESat sea ice thickness, which
potentially result from the biases within each of the two data
sets. There is still more work to be done to make better use of
remotely sensed SIT data, such as assimilating the Antarctic
sea ice thickness observations and analyzing the sea ice vol-
ume variations.

Data availability. Envisat sea ice thickness data are available
at  https://doi.org/10.5285/b1f1ac03077b4aa784c5a413a2210bf5
(Hendricks et al., 2018b). ICESat sea ice thickness data are
available at https://www.cen.uni-hamburg.de/en/icdc/data/
restricted-access/esa-cci-antarctic-sea-ice-thickness.html ~ (Kern
et al, 2016). The Weddell Sea upward-looking sonar data
are available at https://doi.org/10.1594/PANGAEA.785565
(Behrendt et al., 2013a, b). NSIDC sea ice motion data are
accessible at https://doi.org/10.5067/INAWUWO7QH7B (Tschudi
et al, 2019). AMSR-E snow depth data are accessible at
https://www.cen.uni-hamburg.de/en/icdc/data/restricted-access/
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