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Abstract

Although altimeters have been widely used to monitor the spatiotemporal variation of sea-ice
thickness, they are unable to separate sea-ice freeboard from snow depth. We use a floating
GPS deployed on sea ice to derive the freeboard and snow depth near China’s Zhongshan
Station. Our results show that the standalone floating GPS can monitor freeboard with a preci-
sion of 4.2 cm. If time-varying dynamic ocean topography provided by, for example, a bottom
pressure gauge is available, then the precision of GPS-derived freeboard can improve to 1.3
cm. The daily snow depth inverted by GPS interferometric reflectometry captures three precipi-
tation events during our experiment, showing that the floating GPS can monitor the variation in
snow depth and observe the freeboard variation at the same time. By studying the relationship
between freeboard, snow depth and sea-ice thickness, we find that sea-ice thickness will be greatly
underestimated by the negative single-point freeboard under the assumption of hydrostatic equi-
librium. As a supplement to existing technologies, the GPS-derived freeboard and snow depth
can be used both to evaluate the altimeter observations directly and to improve our understand-
ing of the real-time variation of freeboard and snow depth in the experimental area.

1. Introduction

Permanent and seasonal sea ice covers ~7% of the entire Earth’s surface (Wadhams, 2014). Sea
ice stores and releases heat and fresh water as it grows and shrinks, affecting energy and salt
budgets, sea-water composition, and ocean currents at high latitudes (Armitage and Ridout,
2015). Changes in sea-ice extent and thickness are important components of climate change
(Screen and Simmonds, 2010). Arctic sea ice has declined in both extent and thickness over the
past four decades, while for Antarctic sea ice, a dramatic decrease of extent began in late 2015
after nearly three decades of observed increasing trends (Cavalieri and Parkinson, 2008;
Parkinson and DiGirolamo, 2016; Meehl and others, 2019). There are many potential reasons
for the contrasts between changes in Arctic and Antarctic sea ice (Comiso and Nishio, 2008;
Maksym, 2019). First, in contrast to the land-constrained Arctic sea ice, Antarctic sea ice grows
unbounded at its northern edge and is mainly composed of seasonal sea ice (Antarctic sea-ice
extent in summer is ~15% of that in winter). Antarctic sea ice is thin and more sensitive and
vulnerable to thermodynamic forcing (such as regional warming, atmospheric/oceanic heat
exchange and ice-albedo feedback) and dynamic forcing (such as wind and oceanic currents)
(Zhang and others, 2012). Second, simulations indicate that global warming may lead to
increased precipitation over the Southern Ocean, reducing the oceanic convective heat flux
and causing crucial changes in the sea-ice thickness and extent (Kurtz and Markus, 2012).
Third, the Antarctic snow situation (such as thick snow cover, flooded and refrozen snow
types) complicates the heat exchange process between the sea ice and atmosphere, leading
to anomalous variations of sea-ice thickness and extent (Giles and others, 2008). As important
factors of global climate change, the determination and monitoring of Antarctic sea ice are
crucial to the understanding of sea-ice growth and decay, as well as the atmosphere/ocean
interactions in the Southern Ocean (Ferrari and others, 2014).

Sea-ice extent can be monitored daily by passive microwave remote sensing with high
accuracy; however, there are no accurate observations of basin- or global-scale sea-ice thickness
(Kaleschke and others, 2012; Simpkins and others, 2012; Stroeve and others, 2012; Laxon and
others, 2013; Peng and others, 2013; Kwok, 2018; Kwok and Kacimi, 2018). The methods of
observing sea-ice thickness include surface drillings, ship observations, upward-looking sonar
(ULS), and spaceborne and airborne altimeters. Traditional methods such as surface drillings
and ship observations can provide measurements of sea-ice thickness with high spatial reso-
lution and cm-level accuracy (Worby and Comiso, 2004; Naoki and others, 2008). However,
measurements gathered by man are mostly located in areas that are accessible to people or
ships, making measurements of sea-ice thickness that have obvious temporal and spatial lim-
itations and cannot meet the needs of real-time and large-scale monitoring. Therefore, manual
measurements are usually used to monitor sea-ice thickness at points of interest or used as in
situ data to validate the accuracy of other ice thickness observations. Measuring sea-ice draft with a
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sampling rate from seconds to hours, ULS can provide continuous
draft observations to study the high-frequency variation in sea-ice
thickness (Behrendt and others, 2013, 2015). A submarine ULS
can measure the lower surface geometry of sea ice in an area of inter-
est, while a moored ULS can continuously monitor the sea-ice draft
and its annual and interannual variations at points of interest. In
addition to the difficulty in obtaining large-scale sea-ice draft, ULS
measurements are also affected by drift if the sea ice moves freely
with currents while the ULS instrument is moored at the ocean bot-
tom (Behrendt and others, 2015).

By calculating the height difference between the snow surface
(or sea-ice surface) and sea-water surface or leads (a passage of
open water within an expanse of sea ice), an altimeter can obtain
the total freeboard of sea ice (or sea-ice freeboard) (Zwally and
others, 2008; Ricker and others, 2014). With the density of sea
ice and snow as well as snow depth, the sea-ice thickness can
be calculated under the assumption of hydrostatic equilibrium.
In this study, we define the sea-ice freeboard as the distance
from the sea-ice surface to the sea-water surface (or freeboard
for short, which is positive when the freeboard is above the sea-
water surface and negative when it is below the sea-water surface)
and the total freeboard as the sum of sea-ice freeboard plus snow
depth. Laser altimeters, i.e., the Ice, Cloud and land Elevation
Satellite (ICESat), can be used to extract the total freeboard if
snow is present (in most cases when studying the Antarctica
sea ice) because the near-infrared laser signal does not penetrate
but is reflected by the snow surface (Kwok and others, 2007;
Zwally and others, 2008; Kwok and Rothrock, 2009). Although
ICESat has the advantages of small footprint and high-accuracy
elevation measurements, it is temporarily limited to autumn
and spring seasons due to the corrosive degradation of its
pump diodes, as well as spatially limited by the presence of
clouds. Its successor, ICESat-2, was launched in September of
2018 (Abdalati and others, 2010). ICESat-2 employs a multibeam
photon-counting lidar for profiling the surface, providing infor-
mation on unique characteristics of the retrieved elevations com-
pared to traditional waveform altimetry (Kwok and others, 2019).
To best apply its observations to sea-ice research, the precision
and accuracy of ICESat-2 still need to be assessed using as
much in situ observation data as possible. Radar altimeters, i.e.,
the Cryosphere Satellite-2 (CryoSat-2), can be used to extract
sea-ice freeboard by measuring the distance from the snow/ice
interface to the sea-water surface (Laxon and others, 2013;
Kurtz and others, 2014). Unlike laser and optics technologies,
radar is cloud and snow penetrating. However, studies show
that the moisture and layering density of snow may prevent the
radar from penetrating to the snow/ice interface, and the large
footprint of radar and the roughness of sea ice may also lead to
large uncertainties in the retrieval of freeboard (e.g., Ricker and
others, 2014). In addition to satellite altimeters, NASA’s
Operation IceBridge (OIB) mission provides high-accuracy free-
board measurements at areas of interest (Farrell and others,
2011; Kwok and others, 2012). OIB can acquire cloud-free
remote-sensing data by flying under clouds and identify leads
accurately using its onboard digital mapping system camera.
Implemented as an interim programme to fill the gap between
ICESat and ICESat-2, OIB allows us to study the interannual
behaviour of sea ice and provides an opportunity to better under-
stand the issues associated with the retrieval of sea-ice freeboard
and thickness (Kurtz and others, 2013; Xia and Xie, 2018).

Whether using sea-ice draft observed by ULS or freeboard
(total freeboard) retrieved by altimeters to calculate sea-ice thick-
ness based on the hypothesis of hydrostatic equilibrium, add-
itional information is needed, such as sea-ice density, snow
density and snow depth (Massom and others, 2001). The retrieval
uncertainty of sea-ice thickness is dominated by the measurement

Qingchuan Zhang and others

uncertainties of snow depth (~50%) and freeboard (~40%), as
well as small contributions from the density uncertainties of
water, sea ice and snow (Giles and others, 2007). The so-called
‘Warren climatology’, which is based on the comprehensive ana-
lysis of snow depth measurements at drift stations and airplane
landing areas in the Arctic, provides alternative values for snow
depth and density (Warren and others, 1999). However, many
have suggested that the Warren climatology may be out-dated
and problematic when used in Antarctica (Kurtz and Markus,
2012; Webster and others, 2014).

The premise of using spaceborne or airborne altimeters to
retrieve sea-ice thickness is to accurately extract and separate free-
board and snow depth. Field measurements are the most accurate
and reliable methods to achieve this goal, but it is difficult to
manually acquire freeboard and snow depth synchronized with
altimeter observations, or to continuously monitor them at high
frequencies in the areas of interest. Due to the accuracy improve-
ment, the GPS is able to monitor displacement with an accuracy
at the centimetre or even millimetre level, and it has been widely
used in studies of crustal load effects, co/post-seismic deform-
ation, and sea-ice concentration (Larson, 2009; Fu and others,
2015; Semmling and others, 2019). Aoki and others (2002) used
GPS observations on sea ice to evaluate the seasonal sea-level var-
iations at Antarctic Syowa Station and found that GPS and BPG
techniques show consistency with a RMSE of 0.7 cm. King and
Aoki (2003) proposed an approach using a single GPS receiver
deployed on floating sea ice to measure ocean tides; the successful
application of this approach proves that GPS can be used to observe
ocean tides at high latitudes where remote sensing or tide gauge
measurements are lacking. Lei and others (2018) applied the
same approach to derive the ocean tides at Antarctic Zhongshan
Station and found that the RMSE between GPS-derived and
BPG-derived tides for the eight major constituents (O, Kj, Py,
Q> My, S,, N, K,) was better than 4 cm. In addition to the sea-ice
motion, GPS can also be used to obtain snow depth around it using
the so-called GPS interferometric reflectometry (GPS-IR) technique.
For example, Siegfried and others (2017) employed the GPS-IR
technique to measure snow accumulation across a 23-station GPS
array in West Antarctica, proving that GPS-IR is an effective tech-
nique for monitoring snow depth variation.

In this paper, we use a floating GPS deployed on land-fast sea
ice to monitor the variations of freeboard and snow depth in
Nella Fjord near China’s Zhongshan Station. By validating with
surface drilling measurements and reanalysis products, our meth-
ods are proven to be feasible and reliable for obtaining freeboard
and snow depth. The time series of freeboard and snow depth
obtained by GPS can be used to supplement our understanding
of sea-ice freeboard and snow depth, or to assess the accuracy
of sea-ice freeboard measurements from spaceborne or airborne
altimeters. The applicability of hydrostatic equilibrium in Nella
Fjord is also analysed. The arrangement of this paper is as follows:
Section 2 presents the experimental setup and the data used in this
study. Section 3 introduces the methodologies used to process GPS
observations and estimate the sea-ice freeboard and snow depth as
well as Stefan’s Law for snow-covered ice. The main results are given
in Section 4. Section 5 discusses the accuracy and reliability of our
methods as well as the feasibility of the single-point hydrostatic
equilibrium hypothesis. A summary is given in Section 6.

2. Experiment
2.1 Layout

Managed by the Polar Research Institute of China, Zhongshan
Station is located in the Larsemann Hills near Prydz Bay in
East Antarctica. To verify the feasibility of retrieving sea-ice
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Fig 1. Map of Zhongshan Station and study area, as well
as the locations of reference and floating GPS receivers,

freeboard and snow depth using floating GPS, the Chinese 33™
Antarctic Scientific Research team carried out field experiments
on land-fast sea ice in Nella Fjord near Zhongshan Station.
Figure 1 shows the locations of Zhongshan Station and our
study area, as well as the locations of the reference and floating
GPS, bottom pressure gauge, and drilling points in the study
area. A Leica dual-frequency GPS receiver (floating GPS, photo
is shown in Figure S1 in the Supporting Material) was deployed
on land-fast sea ice ~100 m away from the coastline and 150 m
away from a continuously operational Leica dual-frequency GPS
receiver (reference GPS) on the bedrock of Tian-e Ling. To resist
the strong wind, we placed the tripod with its legs frozen on the
sea ice and keep the height of the GPS antenna ~1 m above the
sea-ice surface. To remove the effects of, for example, ocean
tides and time-varying dynamic ocean topography on the retrieval
of sea-ice freeboard, the floating GPS was deployed on the top of a
bottom pressure gauge (BPG), which could accurately observe the
total pressure upon it. Combined with the atmospheric pressure
observations from a barometer at the Zhongshan Station, we
could subtract the atmospheric pressure from BPG observations
and then calculate the sea-water depth and its variations.
During the observations, we also conducted manual drilling mea-
surements at two points on the sea ice (Zhao and others, 2017).
The two drilling points were ~300 metres northeast of the floating
GPS, and the distance between the two drilling points was several
tens of metres (shown as a single point in Fig. 1). At the drilling
points, the snow depth, sea-ice freeboard and thickness were mea-
sured. These manual measurements were used to assess the
sea-ice freeboard and snow depth derived from the floating GPS.

2.2 Data

The sea-ice motion, including the variations in sea-ice freeboard
and sea-water depth, were observed by a floating GPS receiver
during sea-ice growth in Nella Fjord near Zhongshan Station.
Figure 2 shows the relationship among snow depth h, freeboard
hg, total freeboard h,, sea-ice draft hg, and sea-ice thickness A
(left), as well as the schematic diagram of freeboard and snow
depth observed by the floating GPS (right). At the beginning of
the observation, the height from the GPS antenna to the sea-ice
surface (h;) and the height from the GPS antenna to the waterline
(h;) were measured manually, and the h; was measured several
times during the observations. Due to bad weather and logistical
reasons, the experiment in 2017 consists of two periods: the first

bottom pressure gauge and drilling points.

period is from day of year (DOY) 235 to 252 (18d) and the
second period is from 286 to 324 (39 d). The values of h; mea-
sured repeatedly during the experiments only vary on the order
of mm, indicating that the freezing and melting on the sea ice
upper surface is negligible. This is reasonable because during
our observation, there was >10cm snow cover, which isolated
the sea ice from air-ice energy exchange to a great extent.

The BPG deployed beneath the floating GPS could observe the
sea-water depth h,, in combination with the atmospheric pressure
observation from an onshore barometer (corrected to sea level).
The inverse barometer effect influenced both BPG and GPS mea-
surements and was thus ignored. The pressure P at depth h,, in a
liquid is represented by the following formula:

P =p,ghy 1)

where P is pressure caused by sea water, h,, is the sea-water depth,
pw=1.028 gcm™ is the sea-water density when the sea-water
temperature is —1.8° and the salinity is 3.5%, and g=982.57
cm s~ is the gravity observed by an high-accuracy absolute grav-
imeter at the Zhongshan Station after reduction to sea level. The
sea-water density is the main source of uncertainty in the compu-
tation of sea-water depth. During the observations, we collected
several sea-water temperatures and salinity measurements. With
different combinations of these variables, the sea-water density
ranged from 1027.5 to 1028.5gcm . Thus, the uncertainty
caused by density is ~0.1% in our case. The sea-water depth in
our study area is ~8 metres, so the absolute accuracy of
BPG-observed sea-water depth is ~1cm. The sea-water depth
consists of a constant height h.q from the long-term mean
dynamic ocean topography (MDT) to the BPG location (includ-
ing the height from the long-term MDT to the geoid and the
height from the geoid to the sea floor), periodic ocean tides Ayges
caused by the sun and moon, the time-varying dynamic ocean
topography hy,p, and the high-frequency variation Ah caused by
currents and surges. The different locations of the floating GPS,
BPG and drilling points would cause systematic deviations in
the freeboard time series. We first calculated the absolute accuracy
of freeboard estimates with respect to drilling measurements, and
then, by using the drilling measurements as reference, we
removed the average bias between drilling measurements and
freeboard time series for each observation period and focused
on verifying the potential of using a floating GPS to monitor
the freeboard variations. Periodic ocean tides hq4. and dynamic
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Fig 2. Relationship among snow depth h, freeboard hy, total freeboard h,, sea-ice draft hy, and sea-ice thickness h; (left), as well as the schematic diagram of

freeboard and snow depth observed by floating GPS (right).

topography hy,p, are functions of time and cannot be eliminated
by long-term synchronous observation. We studied the effects of
using different ocean tide corrections derived from BPG, GPS and
global ocean tide models on the accurate retrieval of freeboard.
We selected TPXO9 as the representative of the global tide
model for the follow-up study (see the accuracy assessment of dif-
ferent ocean tide models in Fig. S2 in Supporting Material)
(Dushaw and others, 1997 (update); Lei and others, 2018).

During the growth of sea ice, we also carried out surface dril-
lings at two fixed points (~300 m away from the floating GPS),
where snow depth, sea-ice freeboard and thickness are measured
(Zhao and others, 2017). The time span of surface drillings is
from DOY 101 to 341, and its interval is approximately once a
week. The surface drillings were mostly collected at 3:00 p.m.
local time, which is 10:00 a.m. UTC time. Snow depth, sea-ice free-
board and thickness were measured each time from tworandomly
chosen boreholes and their mean value was used to represent a sin-
gle measurement. If the difference between the two boreholes was
>1 cm for sea-ice freeboard or thickness, we drilled a third (or even
fourth) borehole and then discarded the greatest outlier and aver-
aged the others. In some instances, the seawater would flow
through the borehole so that the sea ice was under the sea water,
producing negative freeboard. In these cases, we waited until the
upward-flowing sea water was still, measured the water depth
above the sea-ice surface and assigned a negative value to these
freeboard measurements. The total surface drillings included 33
and 31 sets of measurements at drilling point 1 and drilling
point 2, respectively (Table 1). The accuracy of sea-ice freeboard
and thickness measurements was within 1 cm, while the accuracy
of snow depth measurements was ~3 cm. Considering the sparsity
of drilling measurements, we combined the two drilling measure-
ments into one time series and used it to assess the results of
GPS-derived sea-ice freeboard and snow depth.

3. Methodologies
3.1 GPS data processing

The TRACK module from GAMIT/GLOBK (Herring and others,
2010) and PPP-AR from the PRIDE group of Wuhan University
(Geng and others, 2019) were used to resolve the relative

Table 1. Snow depth, sea-ice freeboard and thickness measured by surface
drillings (cm)

Drilling Point 1 Drilling Point 2

Snow  Freeboard Sea-ice Snow  Freeboard  Sea-ice
DOY depth height thickness DOY depth height thickness
118 1 4 52 101 0 4 43
124 0 3 49 111 3 3 52
130 0 5 58 125 0 6 56
138 1 6 67 130 0 5 60
145 2 7 71 137 0 6 68
152 1 7 69 144 4 6 66
158 1 9 73 151 2 6 68
166 0 10 87 157 1 6 72
173 2 11 98 165 0 10 86
180 8 8 105 178 12 11 102
187 21 15 112 185 21 8 105
193 19 22 120 192 23 8 107
201 55 5 113 206 30 4 115
208 20 5 115 214 23 4 115
215 22 2 114 228 35 0 120
219 18 6 117 235 40 0 116
226 45 6 125 242 40 -3 118
235 35 0 116 249 38 =2 122
240 41 -3 112 256 34 6 127
248 40 -3 130 263 35 2 130
255 43 2 134 270 40 2 126
262 47 -4 133 278 35 3 133
269 48 3 132 284 30 0 135
276 42 3 140 292 33 7 142
283 46 -1 137 298 30 5 140
290 42 4 141 305 28 9 144
297 37 6 145 312 30 6 140
304 35 9 146 319 30 5 139
311 33 7 145 326 33 3 130
318 35 4 141 333 28 7 142
326 40 -1 138 341 43 2 139
333 52 -3 137
341 46 0 142

positioning and the precise point positioning (PPP) solutions of
the vertical displacements of floating GPS, respectively. Relative
positioning can eliminate or mitigate most positioning errors,
enabling the relative time series to achieve mm-level accuracy.
However, relative positioning undergoes significant precision
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degradation as baseline distances increase, whereas PPP does not.
In this study, we used the relative solutions to show the best per-
formance achieved when using floating GPS to monitor sea-ice
motion and the corresponding sea-ice freeboard variations, and
we used the PPP solutions to test the applicability of using floating
GPS to monitor freeboard variations in the locations much farther
from shore.

The success of relative processing (TRACK) depends on the
separations of the moving station and the reference station; as dis-
tance increases, the differences in atmospheric delay also increase.
TRACK uses the Melbourne-Wubbena combination to estimate
the wide-lane ambiguity first and then determine L1 and L2 cycles
separately (Herring and others, 2010). The antenna phase centre
offset (PCO) and variation (PCV) of ground antennas are mod-
elled using the azimuth and elevation model (AZEL) while the
PCO and PCV of satellite antennas are modelled using the
elevation-dependent model (ELEV). The IERS2003 model is
used as solid Earth tide corrections while the relative ocean tide
loading displacements (OTL) over our short baseline were mostly
cancelled; thus, we did not apply OTL corrections. TRACK has
the ability to include, for example, IONEX files to help with the
ionospheric delay on long baselines. As the distance between
the reference GPS in Tian-e Ling and the floating GPS was only
~150 m, the relative processing strategy of TRACK could elimin-
ate most positioning errors such as atmospheric delays. Therefore,
we did not further correct or estimate these values but, rather,
used the ‘zero’ mode to calculate the displacement of the floating
GPS epoch by epoch relative to the reference GPS for L1 and L2
frequencies separately. Not needing to estimate tropospheric para-
meters or combine ionosphere-free observation for short baselines
gives relative positioning (TRACK) higher precision compared
with PPP. The average RMSE for all epochs in the TRACK solu-
tions was ~4 mm for both L1 and L2, and we discarded the out-
liers with RMSE >10 mm (<1% of observations were discarded).
We also compared the results between L1 and L2 and found
their consistency to be good, with standard deviation <1 cm. To
make these results compatible with the GPS-IR results, we used
L1 solutions as the relative time series.

Retrieving the integer property of single-station ambiguities in
PPP is more difficult, which makes the PPP accuracy worse than
that of the relative positioning. The processing strategy of PPP-AR
is as follows: the vertical coordinate is calculated using the kine-
matic processing mode with a 30 s time interval; the elevation cut-
off is set to 10° to mitigate the potential multipath. The antenna
phase centre offset (PCO) and variation (PCV) are corrected
using the IGS14 atx file. The undifferentiated ionospheric-free
pseudorange and phase combination observable are used to
remove the first-order ionospheric delays, and the impacts of
higher-order delays are ignored. Notably, the ionospheric-free
combination would amplify noise ~threefold compared with
those using L1 or L2 independently for baselines less than several
kilometres (Schaffrin and Bock, 1988). The tropospheric delays
are first corrected with the Saastamonion model for a priori wet
and dry delays, and then the residual zenith delays are estimated
as random-walk parameters for each epoch with the GMF map-
ping function. Solid Earth tides of IERS2003 and ocean tide load-
ing calculated using TPXO9 are used as tidal corrections. The
fiducial satellite orbit and clock information is obtained from
IGS final SP3 precise ephemeris in the IGS14 reference frame,
and the receiver clocks are estimated as white-noise-like para-
meters. Other settings and parameters were default. The single-
station ambiguity resolution makes use of the phase clock/bias
products released by the PRIDE lab (ftp:/igs.gnsswhu.cn/pub/)
to recover its integer nature and then carry out integer ambiguity
resolution. To assess the PPP accuracy, we calculated the differ-
ence in time series between PPP-AR solutions and TRACK L1

'_pgsit_ion_ oﬁlt;llag_GP_S_l

position of BPG
(syn. obs.)

¥

[ height from floating GPS to BPG (H )]

a constant (h,_,)
[ periodic ocean tides (h,,.) |
4 (BPG, GPS, or model) _!

ynamic opography (1) |

seawater depth
(h.)

high-frequency variations
(hourly average)

L 4

| height from floating GPS to seawater surface (h, )|

antenna height (h, )

v

freeboard (h)

Fig 3. The processing scheme to retrieve the sea-ice freeboard. The factors in the
dashed boxes were further analysed by using different combinations of them.

solutions; the standard deviation of the difference in time series
was ~2.5 cm.

After GPS data processing, we obtained two types of solutions.
The PPP kinematic solutions were in the IGS14 reference frame,
while TRACK solutions were based on the onshore reference GPS.
We also used the PPP-AR to calculate the daily coordinates of ref-
erence GPS and used the mean coordinates during the two experi-
mental periods to transform the TRACK relative solutions into
the IGS14 reference frame.

3.2 Sea-ice freeboard

The sea water in Nella Fjord begins to freeze in early March. The
new land-fast sea-ice gains thickness until December and rapidly
melts in a few months. In the following February, the sea ice dis-
appears, and a new cycle begins again in March. During its
growth, the vertical motion of sea ice was observed by a floating
GPS deployed on it. Figure 3 illustrates the processing scheme
used to retrieve the sea-ice freeboard.

The height H from the floating GPS antenna to the sea floor
(BPG) mainly consists of two parts:

H=h,+h, ()

hw :hmsl + htides + htopo + Ah

he =hy + k¢ ®
where h,, is the sea-water depth, including the height from long-
term mean ocean topography to the BPG h,,g, ocean tides hyges,
time-varying dynamic topography i, and high-frequency vari-
ation Ah caused by currents and surges, etc.; h, is the distance
from the GPS antenna to the sea-water surface, including free-
board h¢ and the distance from the GPS antenna to the sea-ice
surface h;. By manually measuring the sea-ice freeboard hy,
antenna height h;, as well as the h, observed by BPG at the
time to, we could link the floating GPS displacement to the sea-ice
motion (Huang and Zhang, 2012). To eliminate or weaken the
influence of high-frequency signals (Ah) as well as the potential
multipath effect on the GPS positioning time series, the hourly
median of sea-ice freeboard was calculated. The constant kg
can be obtained from previous simultaneous observations, while
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the variations in the hourly GPS displacement at any time t with
respect to #, are only related to ocean tides /45, dynamic topog-
raphy hopo, and the sea-ice freeboard hy. BPG can provide obser-
vations of ocean tides hyge, dynamic topography hip, with
respect to t,. Alternatively, periodic ocean tides can be calculated
from the floating GPS or global tidal models. The high-accuracy
time-varying dynamic topography hp, is difficult to obtain in
the Southern Ocean, especially for those areas where sea-ice exists
(King and others, 2009; Griesel and others, 2012). In Section 5, we
will discuss the effects of using different GPS processing data, dif-
ferent ocean tide corrections, and whether or not dynamic topog-
raphy is considered on the accurate retrieval of freeboard (factors
in dashed boxes in Fig. 3). For the freeboard h,, if the melting and
freezing of sea ice on the upper surface can be neglected com-
pared with those of the lower surface (confirmed by manual mea-
surements), that is, the distance from the GPS antenna to the
sea-ice surface (h;) is fixed and measured, then the freeboard hs
can be obtained from the GPS-observed vertical displacement.

3.3 Inversion of snow depth

GPS-IR is a method for estimating environmental parameters
around a (nominally multipath suppressed) geodetic-quality
GPS antenna without the need for a designed or rotated antenna
to measure reflection signals (Roesler and Larson, 2018). GPS-IR
has been demonstrated and validated for measuring surface soil
moisture, tides, vegetation water content and snow depth (e.g.,
Larson, 2016; Siegfried and others, 2017; Roesler and Larson,
2018). To some extent, GPS-IR studies are based on the analysis
of signal-to-noise ratio (SNR) patterns created by the interference
of direct and reflected signals, which can be modelled as follows
(Axelrad and others, 2005):

SNR(e) = A(e) sin (47;HR sine + ¢) )

where A(e) is the SNR amplitude, Hy is the reflector height that
represents the vertical distance from the GPS antenna to the hori-
zontal reflecting surface, e is the elevation angle of the GPS satel-
lite with respect to the horizon, 4 is the wavelength of the GPS
signal and ¢ is the initial phase. Based on a simple assumption
that all other reflected conditions of snow for GPS signals remain
unchanged (in other words, the amplitude A and initial phase ¢
are kept fixed), we can estimate the variation in reflector height
Hgy by the changes in the so-called multipath frequency 2Hg/A.
In our study, Hy, is the distance from the antenna to the snow sur-
face, which is the same as h, as shown in Figure 2. Considering
that the distance from the antenna to the sea-ice surface remains
fixed, the snow depth hg can be calculated as follows:

hs=hi —hy (€)

3.4 Stefan’s law for snow-covered ice

There were only 15 manual measurements of sea-ice thickness
during 57 d of floating GPS observations. To fully analyse the rela-
tionship among freeboard, snow depth, and sea-ice thickness for
all 57 d, we modelled the thermodynamic growth of sea ice based
on Stefan’s assumption that the heat loss during the freezing pro-
cess is directed upward and is completely balanced by the latent
heat of fusion of the sea ice (Allison, 1981; Behrendt and others,
2015). The energy balance at the ice/ocean interface determines

Qingchuan Zhang and others

the growth rate of the sea ice dH/dt (Petrich and Eicken, 2010):

dh;
piLiE = Fc - Fw (6)

where p; is the density of sea ice, L; is the latent heat of fusion of
the sea ice, F, is the conductive heat flux through the sea ice, and
F,, is the oceanic heat flux from below. In the case of snow cover
(of thickness k) on top of the sea ice (of thickness k), the con-
ductive heat flux F. can be expressed by Fourier’s law of heat con-
duction (Behrendt and others, 2015):

F. = _ Lw=To (7)
(hi/Ai) + (hs/As)

where T, and T are the sea-water temperatures and snow surface
temperature, respectively. A; and A are the thermal conductivity of
sea ice and snow, respectively. Since the snow surface temperature
Ty is difficult to measure and thus usually not known, an alterna-
tive is to use the air surface temperature. The net heat flux
between the air and the snow surface F, can then be parameter-
ized by the following linear approximation (Leppiranta, 1993):

F, = k(Ty — T,) €))

The air surface temperature T, is taken from the automatic
weather station at Zhongshan Station. As a function of wind
speed, snow insulation, humidity, and so on, the effective heat
transfer coefficient x can be determined by measuring the growth
of sea ice under different meteorological conditions. By assuming
F.=F, (Lepparanta, 1993; Behrendt and others, 2015), Eqn (3)
can then be written as follows:

% — Lw—Ta _F
bt (1/K) + (/X)) + (/X))

piL ©)

The daily growth rate dh;/dt of the sea-ice thickness can be
obtained by solving Eqn (9), and then, the sea-ice thickness h;
can be obtained.

4. Results
4.1 Sea-ice freeboard

According to the above sections, we obtained two sets of GPS
vertical time series (relative solution from TRACK and PPP solu-
tion from PPP-AR), three sets of ocean tide corrections (BPG,
GPS and TPXO09) and the time-varying dynamic topography cor-
rection from BPG (BPG observations minus BPG-tides and mean
depth). Six solutions of hourly freeboard time series can be
obtained by combining the above datasets: solution I:
TRACK + BPG tide + dynamic topography; solution 2: PPP +
BPG tide + dynamic topography; solution 3: TRACK + GPS tide
+ dynamic topography; solution 4: TRACK+TPXO9 tide +
dynamic topography; solution 5: TRACK + BPG tide; and solu-
tion 6: PPP + GPS tide. Since the freeboard beneath the floating
GPS at the beginning of observations was measured, we align
all six solutions to this value. Figure 4 shows the six solutions
of freeboard time series. The freeboard time series of solution 1
is relatively stable, which indicates that the floating GPS can
obtain high-precision results after removing the effects of ocean
tides and dynamic topography. Solution 1 also shows that the
freeboard is time varying. For 1d or even 1 hour, the range
between maximum and minimum freeboard is on the order of
cm. Therefore, using in situ measurements to evaluate the
altimeter-retrieved freeboard may contain errors caused by
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Fig 4. Six solutions of freeboard time series. solution 1: TRACK + BPG tide + dynamic topography; solution 2: PPP + BPG tide + dynamic topography; solution 3:
TRACK + GPS tide + dynamic topography; solution 4: TRACK + TPX09 tide + dynamic topography; solution 5: TRACK + BPG tide; and solution 6: PPP + GPS tide.
Accumulated offsets of 0.1 m are added for the respective solutions to improve visibility (an offset of 0.2 m is added for solutions 5 and 6 in the first period

due to their sharp decrease at DOY 235 caused by time-varying dynamic topography).

asynchronous time. The 24-hour continuous floating GPS
deployed on the ground track of altimeters not only can realize
synchronous observation but also monitor the real-time changes
in freeboard time series. By comparing solutions 1 and 2, we
can see the effect of different GPS processing strategies on the
accurate retrieval of freeboard. By relative positioning with the
onshore GPS, the TRACK solution can eliminate or reduce the
influence of model residuals, so the freeboard time series of solu-
tion 1 is relatively stable. Due to the inadequate removal of posi-
tioning errors caused by the undifferentiated satellite position and
clock errors, atmospheric refraction and so on, the time series
observed by PPP-AR is noisier than that observed by TRACK.
Comparing solutions 1, 3 and 4, we can see the effects of different
ocean tide corrections on the accurate retrieval of freeboard.
There are diurnal and semi-diurnal mis-model signals left in
the freeboard time series, especially for solution 4, which uses
the TPXO9 model value as its tide correction; as a result, the
residual tidal signal is more obvious than that of solution 3,
which uses GPS-derived tide correction. This finding is consistent
with the accuracy analysis in Figure S2 in the Supporting Material,
which shows that the root sum squares for the eight major consti-
tutes (O, Ky, P1, Q1 My, Sy, Ny, K,) are 5.6 cm and 1.3 cm for
TPXO9 and GPS-tide, respectively. By comparing solutions 1
and 5, we can see the effect of time-varying dynamic topography,
caused by ocean circulation and sea-water temperature and salin-
ity, on the accurate retrieval of freeboard. Taking DOY 235 and
239 as examples, the effect of dynamic topography may reach
decimetre level and cause an offset that influences the subsequent
freeboard estimates; therefore, dynamic topography is one of the
main error sources in freeboard estimates. This is also the reason
why the lowest-point scheme is used to remove the effect of
dynamic topography when retrieving freeboard using altimeters
(Kwok and others, 2007; Xia and Xie, 2018). Compared with
the dynamic topography, the effect of different ocean tide correc-
tions on freeboard is relatively small, with a magnitude of several
centimetres. Solution 6 shows the freeboard time series using
standalone floating GPS, it is the noisiest time series among all
solutions, with apparent features caused by the time-varying
dynamic topography.

4.2 Snow depth

The snow depth on the sea-ice upper surface affects the freeboard
and sea-ice thickness, as well as the heat exchange between sea ice
and atmosphere. GPS-IR uses the SNR data, which reflects the
interference effect between the direct incident signal and the
reflected (multipath) signal, to invert physical parameters through

the variation in amplitude, frequency and phase. We use
L1-frequency SNR recorded by floating GPS to invert snow
depth. The higher the elevation angle is, the closer the reflector
is to the GPS antenna, and thus the smaller is the reflector area.
Figures 5a and b show the characteristics of SNR for satellite #5
at DOY 236 as a function of elevation and time, respectively.
There is an apparent quasi-period feature for the SNR data with
periods varying from 10 to 20 min, especially when the elevation
is below 30°. We used this feature to invert the reflection height
from the GPS antenna to the reflector according to Eqn (4).
According to Roesler and Larson (2018), we chose the SNR
data with an elevation range from 5 to 30° and used the Lomb
Scargle Periodogram (LSP) to extract SNR spectral content and
then express its frequencies in terms of reflection height
(Fig. 5¢). We calculate the difference between the height from
the GPS antenna to the sea-ice surface (h;) and the reflection
heights to present the snow depth. Due to the roughness of the
snow surface and the nonhorizontal reflected signals, anomalous
inversions of snow depth may appear. During the observation, the
snow depth in the experimental area is <50 cm, so the inversion
results of the snow depth <0 cm and > 60 cm are taken as outliers
(<10%) and thus removed. The snow depth in the Nella Fjord has
a complex spatial and temporal distribution under the combined
influence of snowfall and drifting, and the standard deviation of
all snow depth estimates in a day is ~5 cm; therefore, it is difficult
to determine the real-time variation in snow depth. Thus, we use
the median to present the daily snow depth.

It should be noted that the quasi-period characteristic of SNR
(Fig. 5b) may affect the GPS-observed sea-ice motion time series
and the corresponding freeboard time series. Figure 5d shows the
power spectral density of TRACK and PPP solutions. In addition
to the apparent diurnal and semi-diurnal signals, there are peaks
at the periods from 10 to 20 min, which are related to the multi-
path effect. We used a linear plus sine function to fit the corre-
sponding amplitudes for these peaks and found that there were
no significant periods (only ~1-2mm amplitudes with varying
periods). Additionally, the hourly median freeboard estimates
could suppress the potential multipath and other high-frequency
effects to some extent.

Figure 6 shows the daily snow depth inverted by GPS-IR as
well as the manual measurements and the corresponding daily
precipitation and wind speed. The snow depth inverted using
GPS-IR is quite different from that measured manually. For the
first observation period, the snow depth obtained by GPS-IR is
~20 cm, while the snow depth measured manually at the drilling
points is ~40 cm. For the second observation period, the snow
depth inverted by GPS-IR is ~20cm in the beginning and
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Fig 5. (a) The characteristics of SNR for satellite #5 at DOY 236 as a function of elevation. (b) The same SNR but as a function of time. There is a quasi-period feature
for the SNR data, with periods varying from 10 to 20 min. (c) The LSP results of all SNR data for all satellites at DOY 236; the median of reflection height is 0.87 m. (d)
PSD for the TRACK and PPP solutions (an offset of —10 dB is added for PPP result for visibility); in addition to the apparent diurnal and semi-diurnal signals, peaks
are also found at the periods from 10 to 20 min, which are related to the multipath (SNR) effect.

increase to >30 cm at DOY 307 due to precipitation (snowfall).
However, the snow depth of the two drilling points showed a
downward trend, and there was also ~10 cm difference between
these two points. These results indicate that, at least in our
study area, there are obvious regional (re)distribution characteris-
tics of snow depth. Precipitation shows that three obvious precipi-
tation events occurred during the observation. The snow depth of
the GPS-IR inversion increased during these three precipitation
events, which indicates that GPS-IR could monitor changes in
snow depth to some extent. In contrast, the measurements at
the drilling points do not observe two precipitation events, except
for the first precipitation event. In addition to the large difference
in the spatial distribution of snow depth and the sparse interval
between manual drilling measurements, there are also local effects
at the drilling points. During our experiment, we found that the
snow overaccumulated at drilling points, where the snow depth
was usually several or tens of centimetres higher than that in
other places. Because we lack the in situ snow depth measure-
ments around the floating GPS for further validation, we still
use the snow depth estimates inverted from GPS-IR in the subse-
quent analysis due to their successful capture of all three precipi-
tation events. In addition, there is no obvious proportional
relationship between the precipitation and the snow depth
inverted by GPS-IR in the three precipitation events. The possible
reason is that the wind affects the spatial distribution of snow
depth. Based on the wind speed in Figure 6, strong winds often
occur in our study area. During the three precipitation events,
the wind speed often exceeds 10ms~'. Continuous strong
winds may cause snow to dramatically redistribute in space.
A deep knowledge of snow depth changes caused by precipitation
and blowing snow is the basis for the understanding of the mass
balance of sea-ice surfaces, which requires in-depth study of the
relationship between precipitation, snow depth, wind speed and
direction; however, this is beyond the scope of this study.

5. Discussion
5.1 Freeboard validation with respect to drilling measurements

The surface drilling measurements were collected at ~3:00 p.m.
local time, which is 10:00 am. UTC time. To mitigate the

influence of different observation times on the comparison
between GPS-derived freeboard and manual drillings, we calcu-
lated the maximum, minimum and median of freeboard obtained
by floating GPS from 9:00 to 11:00 a.m. UTC. A total of 15 surface
drilling measurements were taken during the experiment. Figure 7
shows the comparison between the GPS-observed freeboard and
manual drilling measurements for the six solutions and their
RMSEs in the brackets. The high-precision solution 1 (TRACK
+ BPG tide + dynamic topography) shows the greatest consistency
with the surface drilling measurements. Considering the variation
of freeboard during the observation hours, almost all of the sur-
face drilling measurements fall in the range of the floating
GPS-derived freeboard, with an RMSE of only 1.5 cm. When we
use PPP instead of relative processing, the noise in the positioning
slightly degrades the freeboard accuracy, and the RMSE of solu-
tion 2 is 1.9 cm. If there are no accurate tide observations but
GPS-tides or model values are used, cm-level error may be intro-
duced in the freeboard solutions. It should be noted that our dril-
ling measurements were collected at almost the same time every
day, which could mitigate the effect of periodic tide on freeboard
accuracy to some extent. If drilling measurements are randomly
collected at any time, the effect of tides is expected to cause
greater errors in freeboard estimates. The time-varying dynamic
topography is the main error source that contaminates freeboard
estimates. Solution 5 shows that dynamic topography causes an
apparent offset in the freeboard estimates. For the first period,
all freeboard estimates of solution 5 are much lower than the dril-
ling measurements and even other solutions that consider the
dynamic topography, while for the second period, the freeboard
estimates of solution 5 are higher than those of other solutions.
Similar results can be found for the solution 6. In addition to
the influence of time-varying dynamic topography, the position
accuracy of the first epoch also influences the potential bias in
the freeboard estimates, as do the different locations of the float-
ing GPS, BPG and drilling points. By using the drilling measure-
ments as reference, we remove the average bias between drilling
measurements and each freeboard estimates for each observation
periods; this allows us to evaluate the precision of using floating
GPS to monitor the freeboard variations.

Figure 8 shows the comparison between the GPS-observed
freeboard and drilling measurements for the six solutions after
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biases are removed for the two periods, with their RMSEs and
BIASs in the brackets. The results show that solution 1
(TRACK + BPG tide + dynamic topography) has the best capabil-
ity for monitoring freeboard variations, with an RMSE of 1.3 cm,
which is nearly equal to that of the manual surface drillings (Zhao

304 305
Year 2017

ments. The six solutions are the same as in Figure 4. RMSEs in the brackets

311

and others, 2017). Solution 2 (using PPP instead of TRACK)
shows the second-best performance, with an RMSE of 1.4 cm,
consistent with the absolute assessment results and indicating
that using a different processing strategy will only introduce
mm-level uncertainty. The relative RMSEs of solutions 3 and 4
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Fig 8. The same as Figure 7 but with bias removed for six solutions. We use the drilling measurements as the reference to calculate and remove the mean bias with
each freeboard solution for two periods separately. BIASs in the brackets show the removed bias for two periods, and RMSE shows the respective precision level.

are also improved by removing bias, from 2.6 and 2.8 cm to 2.2
and 1.5 cm, respectively. The most impressive improvements are
found for solutions 5 and 6, from 10.1 and 9.1cm to 3.7 and
4.2 cm, respectively. Generally, in the case of providing accurate
time-varying dynamic topography and ocean tides, the floating
GPS can observe and monitor freeboard with a precision of better
than 2 cm. When the dynamic topography is not available and the
ocean tides are less accurate, the precision of ~5cm freeboard
derived from floating GPS is still better than the results with a
dm-level accuracy from altimeters. The freeboard time series
obtained by floating GPS has the ability to evaluate and verify
the accuracy of altimeter-observed freeboard and to supplement
our understanding of the time-varying Antarctic sea-ice
freeboard.

It should be noted that the bias caused by positioning error in
the first epoch and the different locations between drilling points
and floating GPS can be removed using this bias-removal method;
however, there is still a remaining effect of dynamic topography
because of its time-varying feature. Due to the lack of accurate
models and/or in situ observations at the Southern Ocean, the
dynamic topography is one of the main sources that hinder accur-
ate freeboard retrieval. Additionally, from our analysis, only the
hourly freeboard variations are calculated and validated with
the weekly drilling measurements. It is currently impossible to
further study and analyse the hourly freeboard accuracy and var-
iations. The lack of hour- or even minute-resolution freeboard
measurement is one of the reasons we carried out this experiment,
and we are considering and devising our next experiment to col-
lect freeboard measurements at higher time resolutions to assess
our GPS-observed hourly freeboard estimates and study the effect
of, for example, (sub-)daily ocean tides on the freeboard

variations. Furthermore, negative freeboards appear in the first
period of observations in both the floating GPS (solution 1 as
an example) and drilling measurements. For Antarctic sea ice,
the existence of the negative freeboard is not only due to the
load of snow on it but also due to the dynamic deformation of
sea ice caused by factors such as crushing and bending. We will
further discuss the applicability of single-point hydrostatic equi-
librium hypothesis in the following sections.

5.2 Sea-ice thickness simulation

To fully analyse the relationship among freeboard, snow depth,
and sea-ice thickness for all 57 d, the thermodynamic growth of
sea ice based on Stefan’s law is calculated using Eqn (9).
During the period of sea-ice growth, the temperature of sea
water is near the freezing point, so we set T,, to —1.8°C. The sur-
face air temperature T, is taken from the real-time record of the
automatic weather station at Zhongshan Station. The sea-ice
density is set to 0.92 gcm ™, the latent heat of fusion of sea ice
L; is set to 334j g™, and the heat conductivity of sea ice is set
to 22 Wm ! K™ (Behrendt and others, 2015). The influence of
snow is mainly reflected in the ratio of snow depth to snow ther-
mal conductivity hy/As and the air-snow effective heat transfer
coefficient k. All these snow parameters are strongly correlated
with the snow types. For snow depth, to minimize the possible
snow overaccumulation at drilling points, we first perform a
curve fitting to all the manual measurements of snow depth
and then multiply the fitting depth ks by a factor a to present
the real snow depth; in other words, we rewrite hy/A; into
ahg/ ), where we consider f=a/l, to be the snow coefficient.
By varying the value of 8 to obtain the best fitting curve for the
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manual measurements of surface drillings and with the given pos-
sible range of snow thermal conductivity A, in [0.07 0.45] W m™"
K™! (Sturm and others, 1998), we obtained a reasonable snow
depth value. Petrich and Eicken (2010) assumed that the air-snow
effective heat transfer coefficient x is in the range of [10 45] W
m 2K based on measurements of sea-ice growth under differ-
ent environmental conditions, while Behrendt and others (2015)
modelled the value of x as ~60 W m™> K" based on the simula-
tion of the ULS data. Based on the abovementioned literature, we
set the range of x to [1 60] W m™> K. Similarly, the oceanic heat
flux F,, also needs to be estimated. According to Lei and others
(2010), we set F, approximately as the product of an annual
sinusoidal function (F,, reaches a maximum of 16 Wm™ in
mid-February and a minimum of 1Wm™ in mid-August,
Figure 9f) and a factor y. The optimal value of oceanic heat
flux can be obtained by optimally estimating the factor . In sum-
mary, refer to the manual surface drilling measurements, we esti-
mate the optimal values by varying snow coefficient j, air-snow
effective heat transfer coefficient x and oceanic heat flux factor ,
while keeping the other parameters fixed.

Figure 9 shows the sea-ice thickness and growth rate based on
Stefan’s law (only the periods with the existence of surface drilling
measurements) as well as the corresponding drilling measure-
ments of freeboard, daily growth rate, surface air temperature,
snow depth and default oceanic heat flux. The black solid line
in Figure 9a is the sea-ice growth curve calculated using the opti-
mal parameters. The values of snow coefficient 3, oceanic heat
flux factor y and air-snow effective heat transfer coefficient x
are 1.07, 0.55 and 5.80, respectively (Fig. S3). The grey solid
lines are the sea-ice growth curves of the best 1% parameter com-
bination, in which the ranges of snow coefficient 3, oceanic heat
flux factor y and air-snow effective heat transfer coefficient x are
[0.85 1.34], [0.11 1.0] and [4.6 7.5], respectively (Fig. S3). The
growth rate of sea-ice thickness (Fig. 9c) is inversely correlated
with the surface air temperature (Fig. 9d). The lower (higher)
the surface air temperature is, the faster (slower) is the growth
rate of sea ice. The snow depth on the surface of sea ice
(Fig. 9e) also has a significant effect on the growth rate of sea
ice. The growth rate of sea ice is relatively slow during the snow
cover period (after DOY 180), and the deeper the snow depth

Air surface temperature. (d) Measured snow depth and fit-
ting curve. (e) Default oceanic heat flux.

is, the slower is the growth rate of sea ice. This is because the pres-
ence of snow insulates the heat exchange between air and sea ice.
The optimum snow coefficient = a/A, is 1.07 (the range of the
best 1% is [0.85 1.34]). Considering that the value range of
snow thermal conductivity A¢ is [0.07 0.45], the value of snow
depth factor o is ~[0.07 0.48], which is <1. This simulation result
also proves that there is snow overaccumulation at the drilling
points, which is consistent with the field observations. The
RMSE of the optimal sea-ice thickness curve simulated based
on Stefan’s law and manual drilling measurements is 4.74 cm.
We used this simulated sea-ice thickness for the follow-up study.

5.3 Hydrostatic equilibrium at a single point

We use the 24-h median of freeboard time series calculated from
solution 1 (TRACK + BPG tide + dynamic topography) as the
daily freeboard, combined with the daily snow depth from the
GPS-IR inversion and the simulated sea-ice thickness, to calculate
the buoyancy of sea water to sea ice and the total weight of sea ice
and snow to study whether the hydrostatic equilibrium is satisfied:

pwha = pi(he + hg) + phg (10)

3 3 3

where p,,=1.028 gcm™, p;=0.92gcm °, and p;=0.32 gcm™
are the density of sea water, sea ice and snow, respectively. hy,
hg and h, are the sea-ice draft, sea-ice freeboard and snow
depth, respectively. Based on the hydrostatic equilibrium, the
buoyancy of sea water to the sea ice equals to the total weight
of sea ice and snow. Figure 10 shows the buoyance and total
weight of the measured and calculated results and their relation-
ship with hydrostatic equilibrium (dashed line). The closer the
data points are to the dashed line, the more satisfied the hydro-
static equilibrium is. The manual drilling measurements with
longer observation periods satisfy the hydrostatic equilibrium
relationship on the whole scale, but there are anomalous points
where the total weight is larger than the buoyancy. The reason
why the total weight is greater than the buoyancy may be the
abnormal snow depth at the drilling points. For the freeboard
and snow depth derived from floating GPS and the simulated
sea-ice thickness based on Stefan’s law, there are some obvious
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Fig 10. Buoyancy of sea water to sea ice and the total weight of sea ice and snow,
and their relationship with hydrostatic equilibrium.

anomalies with their buoyancy greater than total weight even con-
sidering the freeboard deviation with respect to the drilling mea-
surements (dotted box in Fig. 10). These abnormal points are all
negative sea-ice freeboard points. Based on the hydrostatic equi-
librium, the sea-ice thickness calculated using negative sea-ice
freeboard is only ~60 cm, but the differences between the sea-ice
thickness calculated from the hydrostatic equilibrium and the
ones simulated using Stefan’s law are ~60 cm, which means that
the negative freeboards greatly underestimate the sea-ice thick-
ness. The results show that it is unreliable to retrieve sea-ice thick-
ness using single-point freeboard and snow depth based on the
assumption of hydrostatic equilibrium, especially in the Southern
Ocean where negative freeboard is common. We list three possible
reasons why our experimental results do not meet the hydrostatic
equilibrium. First, the land-fast sea ice along the coast may be
squeezed by the peripheral sea ice. The deformation caused by
squeezing may cause the ice surface in the study area to be bent
below the sea surface. Second, the snow depth inverted by
GPS-IR is only a small area near the GPS antenna, which cannot
correctly reflect the snow depth over the entire sea-ice surface and
thus underestimate the entire weight of snow. Third, the existence
of flooded and refrozen snow, as well as other snow types, may com-
plicate the snow weight calculation; thus, the nominal snow density
could underestimate the entire snow weight over the sea ice. Due to
the lack of upper and lower surface geometry of sea ice, as well as
the entire snow depth and density, it is impossible to determine
or distinguish which reason cause the phenomenon of negative free-
board. The spatial distribution of snow in the experimental area, as
well as the geometry of the upper surface can be effectively moni-
tored by deploying a GPS network on sea ice. Combined with the
sea-ice draft obtained by the ULS or sea-ice thickness obtained by
ice radar and the in-depth investigation of the snow types and dens-
ities, it is possible to determine the reason why the negative free-
board commonly exists on the Southern Ocean.

6. Conclusions

As a promising technology, altimeters can monitor the large-scale
variation of sea-ice thickness in the Southern Ocean. However,
altimeters face the difficulties of distinguishing the sea-ice free-
board from snow and the lack of in situ data to verify its accuracy
and reliability. In this paper, we use a floating GPS deployed on
the sea ice in the Nella Fjord, Antarctica, to derive and monitor

Qingchuan Zhang and others

the freeboard and snow depth. Through comparison with surface
drilling measurements, the stand-alone floating GPS can continu-
ously observe the freeboard variations in real time with a precision
of ~4.2 cm. If there is time-varying dynamic topography informa-
tion provided by other methods, such as a bottom pressure gauge,
the precision of the freeboard retrieval (using the relative posi-
tioning results from TRACK plus the ocean tides and time-
varying dynamic topography from BPG) can reach 1.3cm,
which is equivalent to the accuracy of surface drillings. The
snow depth obtained by GPS-IR can effectively monitor the
snow depth changes caused by precipitation and drifting near
floating GPS receiver. Our experiment shows that a floating
GPS (or a network) deployed on the ground track of altimeters
can achieve synchronous observation with an altimeter; with the
help of, for example, a tide gauge, the accuracy of altimeter-
derived sea-ice freeboard can be assessed. Even if the study area
has no dynamic topography information or where freeboard is
thinner than the precision of GPS-derived freeboard (<4 cm),
the stand-alone floating GPS can still help to separate snow
from freeboard, which is the premise of using altimeters to invert
sea-ice thickness. By studying the relationship between freeboard,
snow depth, and sea-ice thickness, we find that a single-point
measurement cannot satisfy the hydrostatic equilibrium. Under
the assumption of hydrostatic equilibrium, the sea-ice thickness
will be greatly underestimated by the negative freeboard. As an
effective supplement to the existing observations, the variations
of freeboard and snow depth observed by floating GPS can be
used to directly verify the observations of altimeters and to
improve our understanding of the real-time variations of free-
board and snow depth in the experimental area.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/a0g.2020.41.
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