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Satellite observations have been used in sea ice research throughout the last
40+ years and have brought to light substantial changes in the global sea ice cov-
erage. More recently, satellite altimetry has become a valuable tool to estimate the
thickness of sea ice - a parameter that plays an important role in the Earth System
by moderating heat and moisture fluxes between the polar ocean and atmosphere.
While radar altimetry has been effective in providing estimates of Arctic sea ice
thickness, the complex snow stratigraphy and uncertain snow depth on Antarctic
sea ice have precluded sea ice thickness retrievals in the Southern Ocean, leading to
a decade-long gap in the thickness record spanning the lifetime of ESA’s CryoSat-2
satellite. This dissertation will address the need for Antarctic sea ice thickness es-
timates from CryoSat-2 through the development and assessment of new retrievals
of sea ice physical properties that enable the estimation of sea ice thickness.

The first part of this dissertation is aimed at developing a CryoSat-2 retrieval



algorithm that is less dependent on uncertain returns from the snow-ice interface of
Antarctic sea ice. This method exploits observed scattering of Ku-band radar pulses
from the snow surface and snow volume atop sea ice and uses a physical waveform
model and optimization approach to retrieve the air-snow interface elevation and
snow freeboard. Building off the initial development, the second part of this work
offers improvements to — and assessments of — the retrieval process though compar-
isons with coincident snow freeboard measurements from NASA’s ICESat-2 laser
altimeter. The final part of this dissertation uses the retrieval process to estimate
snow depth and ice freeboard, enabling first estimates of Antarctic sea ice thickness
that span the CryoSat-2 mission. Potential applications for use of this method over
Arctic sea ice are also explored.

The studies within this dissertation represent new possibilities for CryoSat-2
data and lay a foundation for the development of a combined laser-radar altimetric

record of Antarctic sea ice thickness.
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Chapter 1: Introduction

This chapter provides a brief introduction into sea ice - including its formation,
characteristics, and role in the climate system - and gives the overall objectives and

outline of this dissertation.

1.1 Seaice and the earth system

Sea ice plays a complex yet integral role in the earth system processes of
the polar latitudes. It interacts with every component of the climate system, and,
by oating at the interface between the atmosphere and ocean, has the unique
function of regulating exchanges of heat, moisture, and salinity between these media.
The importance of sea ice can be seen across scales, as it acts simultaneously as a
habitat for tiny microfauna and as an expansive regulator of Earth's global energy
budget. Sea ice had long been in the eyes of early polar explorers, however, recent
large changes in the ice cover has brought it back into the spotlight of scientists,
policymakers, and the public alike.

Sea ice is perhaps best known for its bright, high-albedo surface that re ects a
majority of incoming solar radiation back to space. At any given time, roughly 12 -

18 kn? (about 4%) of the earth's surface is covered in sea ice (Cavalieri et al., 2003),



with albedos ranging between about 0.6 (bare ice) and upward of 0.9 (snow-covered)
(Allison et al., 1993; Massom et al., 2001; Perovich and Polashenski, 2012). This
vast area of highly-re ective surface tends to result in net hemispheric cooling, as
the incoming radiation that would otherwise be absorbed by the ocean (albedo
0.1) and emitted as heat is instead re ected away (Payne, 1972; Pinker et al., 2014).
There are huge climate implications brought on by the e ect of sea ice albedo, most
notably the initiation of competing feedback loops: a positive ice-albedo feedback
and negative feedback involving thermodynamic ice growth (Budyko, 1969; Curry
et al., 1995; Holland et al., 2006).

The ice-albedo feedback arises due to the large di erence in albedo between
sea ice and the surrounding ocean (Curry et al., 1995). As ice melts, more of the
ocean surface is exposed to the incoming radiation, resulting in enhanced heating,
melting of sea ice, further absorption of radiation by the ocean, and so on. This
process is considered a large contributing factor to the polar ampli cation of climate
signals (Dai et al., 2019; Holland and Bitz, 2003). A negative feedback also can
arise, however, from a warming world. As sea ice thins, it tends to act as less of an
insulator between the ocean and atmosphere, resulting in enhanced thermodynamic
ice production in winter months (Ebert and Curry, 1993; Holland et al., 2006).
These competing feedbacks add to the complexity and sensitivity of sea ice in the
climate system.

Another notable contribution of sea ice to the earth system comes from its
salinity. Sea ice forms through a process of brine rejection, which means that as
ocean surface-layer temperatures drop and water begins to freeze, brine is pushed
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out of the forming ice and down into the ocean below (Aagaard and Carmack,
1989; Petrich and Eicken, 2016). This brine rejection increases the salinity - and
therefore the density - of the surrounding water, which causes that water to sink.
As this process occurs across the polar oceans, large quantities of water are set into
downward motion, forming deepwater and contributing to the global thermohaline
circulation (Cottier et al., 2016; Meredith and Brandon, 2016; Yang and Neelin,
1993). The inverse is true when sea ice melts: since most of the salt was rejected
during formation, the melting of sea ice contributes a net freshwater ux into the
surrounding ocean. This melting leads to generally less-saline and less-dense water,
which can slow down the thermohaline circulation (Cottier et al., 2016; Stou er
et al., 2006). Since sea ice is made of ocean water, the freezing and melting of sea
ice does not contribute to changes in the global sea level whereas ice from land that
calves or melts into the sea surely does (Alley et al., 2005).

The impact of sea ice extends far beyond the polar regions, justifying the
need to understand and observe sea ice and the processes that drive its growth,

development, and melt.

1.1.1 Sea ice growth processes

Sea ice can develop following multiple pathways depending on its local envi-
ronment (Fig. 1.1). As ocean water begins freezing at about -2@ (due to its salt
content) it rst forms either in a granular congelation of ice crystals or as frazil

ice, which appear similarly as aggregates of ice crystals (Petrich and Eicken, 2016).



Figure 1.1: Sea ice growth pathways under calm (right) and agitated (left) condi-
tions. Adapted from Thomas (2017).

From there, continued growth follows one of two pathways depending on the con-
ditions of the ocean. Under calm conditions, congelation ice typically forms rst
and coalesces into a surface layer of nilas that is darker (lighter) when it4s5 cm
(5-10 cm) thick. This nilas can continue to freeze from the bottom-down, becoming
classi ed as young grey ice (0.1-0.15 m), young grey-white ice (0.15-0.3 m), and
eventually white rst-year ice (FYI). FYI that survives a summer melt season and
continues growing the next winter becomes classi ed as second-year ice (SYI) or
multi-year ice (MY]).

Under rougher, more agitated ocean conditions, sea ice takes a di erent growth
path. Frazil is more likely to form rst, and will instead aggregate into a sheet of
grease ice that is generally thin€{ 5 cm) and sits atop the surface of the water. These

aggregates are \ exible" when grouped together, and therefore do not immediately



break apart in the waves. As the grease ice gets thicker, however, it eventually
breaks apart into round disks known as pancake ice (Fig. 1.1). These pancakes can
continue to grow thermodynamically, but also can break apart dynamically as the
pancakes clash together. If the ocean calms or the temperature drops further, the
water surrounding the pancakes freezes and forms larger sea ice oes made up of

the individual pancakes.

1.1.2 Hemispheric asymmetries in sea ice coverage

The geographic di erences that determine the growth pathway of sea ice stem
from larger hemispheric di erences in sea ice properties. While they may look
similar, Arctic sea ice is in fact very di erent than sea ice that forms in the Southern
Ocean. These dierences are largely driven by the geographical dissimilarities in
the land masses at both poles (Simmonds, 2015). In the Northern Hemisphere,
the location of the geographic North Pole is in the central Arctic Ocean, a large
basin bounded on all sides by the land masses that make up Canada, Greenland,
Scandinavia, Siberia, and Alaska. Ocean water in this basin is comparatively calm,
SO sea ice mostly forms rst as nilas before continuing quiescent bottom-growth
(Petrich and Eicken, 2016). At its larger extents, Arctic sea ice can spread out
enough to completely cover the basin in ice (Fig. 1.2). However, its growth is
restricted by these geographic bounds. In the Antarctic, the opposite is true: the
geographic South Pole is found high atop the Antarctic Plateau, well over 1000 km

from the nearest ocean. Sea ice in the Southern Ocean forms around the continent,



Figure 1.2: Typical sea ice coverage in the Northern and Southern Hemispheres
(top and bottom, respectively) for the respective seasonal maximum and minimum
sea ice extents. Data shown are sea ice concentration climatologies from 1981-2010.
From NSIDC (2020).

which is encircled entirely in water. The ice is able to grow in extent as far as
possible, until it reaches waters too warm to freeze or currents too strong to permit
sustained growth (Meredith and Brandon, 2016). Due to this lack of constraint,
Antarctic sea ice typically forms following the pancake-ice pathway (Fig. 1.1, Petrich
and Eicken 2016).

Due to these geographic bounds, it is no surprise that the maximum extent
of Antarctic sea ice is typically greater than that in the Arctic (Fig. 1.2). At its

peak, Antarctic sea ice can cover around 20 million kin- which it usually reaches



in late September - compared to about 16 million kéin the Arctic, which is gen-
erally reached in early March (Fetterer et al., 2017). Arctic sea ice has recently
seen minimum extents around 4.5 million krh which has decreased substantially
from the 7 million km? minimum extents typically experienced between 1979-1990
(Fetterer et al., 2017). Antarctic sea ice on the other hand has remained mostly
constant in extent since 1979, showing only slight increases over this time before
recent large interannual variability resulted in its smallest minimum extent of the
satellite record of about 2.1 million knf in 2017 (Fetterer et al., 2017; Parkinson,
2019). The minimum sea ice extent is an important climate indicator (EPA, 2016)
and is monitored closely each year.

A nal impact of the geographic constraints on sea ice relates to its thickness.
Since Arctic sea ice can only grow so far in extent, it tends to grow vertically and
be thicker on average than Antarctic sea ice, which is able to continuously expand
outwards and is thinner on average. The thickness of the snow layer atop sea ice
also comes into play: the wealth of available moisture in the Southern Ocean leads
to more precipitation and thicker snow layers on sea ice, while the Arctic tends to
have less snowfall and comparatively thinner snow depths (Giovinetto et al., 1992;
Massom et al., 2001). While the dynamic range of sea ice thickness and snow depths
on sea ice are orders of magnitude smaller than the ranges of observed sea ice extents,
they still have important implications for the polar environments in which they exist

as well as the global climate system as a whole.



1.2 Sea ice thickness

The thickness of sea ice is de ned as the height of the ice layer oating on
the ocean, from the bottom of the ice below the waterline to the top of the ice
above it. Sea ice thickness can vary substantially over relatively small length scales,
however, thickness tends to spatially correlate over larger areas (Eicken et al., 1991;
Ponsoni et al., 2019). In the Arctic, wintertime sea ice thickness typically ranges
between 2-3 m while in the Antarctic, thicknesses are generally thinner, between
1-2 m (NSIDC, 2020). As mentioned above, this quantity is an important control
on the regulation of heat and moisture uxes between the ocean and atmosphere
(Persson and Vihma, 2016). In the wintertime, Arctic near-surface temperatures
can get below -3@C within 1m of the sea ice, while the oceans stay at a constant
-1.8C (Fig. 1.3). This strong temperature gradient (around 0.1% / cm) would
typically result in very large positive heat uxes from the ocean to the atmosphere,
however, the sea ice and snow cover reduces this substantially (Persson and Vihma,
2016; Ste en and Demaria, 1996).

The earliest information on the basin-scale thickness distributions come from
measurements collected on ships and submarines in the mid 20th century. In the
Arctic, military submarines collected data on sea ice draft throughout the 20th cen-
tury, with data from 1958 onwards being declassi ed for scienti ¢ research (Bourke
and Garrett, 1987; Kwok and Rothrock, 2009; Rothrock et al., 1999). Bourke and
Garrett (1987) combined these measurements to produce a climatology of sea ice

thickness in the Arctic ocean (Fig. 1.4). They found the thickest ice to be located



Figure 1.3: Pro les of temperature between the atmosphere, snow layer, sea ice, and
ocean taken from manual measurements during the MOSAIC Expedition. Each line

represents a di erent measurement date between March and May 2020. More info
on the data collection is found in Chapter 6.

along the Canadian Archipelago, with regions as thick as 8 m nearest to the coast.
Outwards into the Arctic basin, they found a gradient of decreasing thickness, with
around 3.5 m at the North Pole and less than 2 m nearer to Siberia. AlImost every-
where in the Arctic had climatological winter sea ice thickness values greater than
1 m (Fig. 1.4). In the Antarctic, Worby et al. (2008) pulled together reports from
scienti ¢ and resupply cruises from 1981-2005 to develop a sea ice thickness clima-
tology based on the ship observations. They found the thickest ice in the western
Weddell Sea (near the Antarctic Peninsula) as well as in the near-coastal Ross Sea.
Thinner ice was typically found in the Indian and Paci c Ocean sectors, as well as
in the eastern Weddell Sea. (Fig. 1.4).

The thickness distribution of sea ice can be determined by a variety of factors.

The most obvious is the contribution from thermodynamic growth. As ice freezes



Figure 1.4: Early sea ice thickness maps derived from ship-based observations in the
Antarctic (left) and submarine-based observations in the Arctic (right). Contours

in Arctic plot are drawn for every 1 m of thickness. Adapted from Worby et al.
(2008) and Bourke and Garrett (1987).
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and continues to freeze, it tends to get thicker. However, dynamic processes also
can contribute. Advection and divergence of sea ice by external forces - mainly wind
and currents - can cause cracks (or leads) in the sea ice, which exposes open water.
These leads can freeze and form new, thin ice, reducing the local thickness (Haas,
2016). As the winds and currents move ice oes around, these oes often converge,
forming pressure ridges or rafted ice. These features deform the surfaces of ice oes
and can lead to considerably thicker and rougher ice than the surroundings, which
adds to the observed thickness distribution. Typically, the mean value of a thickness
distribution refers to the average value of all ice in the region of interest, while the
modal value of a thickness distribution is said to represent the average thickness
of just the level (i.e. non-deformed) ice (Haas, 2016). Knowledge of the sea ice
thickness distribution gained through observations is important for earth system

modeling (Allard et al., 2018; Schreder et al., 2019).

1.2.1 Sea ice thickness observations

While the developed climatologies (Fig. 1.4) provide a basic understanding of
how sea ice thickness is distributed at both poles, they provide little information
on the geographic variability and the basin-scale interannual variability of sea ice
thickness - both of which are important characteristics of thickness representations
within climate models (Holland et al., 2006; Stroeve et al., 2014). For this, both
ground-based and remotely-sensed measurements are extremely useful.

Data collected from the ground provide the most detailed - and simple - thick-
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ness measurements, at the cost of covering only a small spatial and temporal range.
Many of these data are collected during campaigns that involve a ship - usually an
icebreaker - and work out on an ice oe. The rst drifting expedition is thought to

be Fridtjof Nansen's Fram expedition of 1893-1896 (Hunkins et al., 1979), but the
rst scienti ¢ expedition designed for studying the Arctic was likely in the 1930's
with the Soviet North Pole drifting station (Shirshov and Fedorov, 1938). More
recently, dedicated international teams of scientists have coordinated campaigns to
study Arctic sea ice properties and processes. These expeditions include the Arctic
Ice Dynamics Joint Experiment (AIDJEX, Evans 1972) in the 1970's, the Surface
Heat Budget of the Arctic Ocean (SHEBA, Perovich et al. 1999) in the 1990's, the
Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC,

Rex et al. 2019) in 2019, and many other smaller campaigns. While working on an
ice oe, holes can be drilled through the ice and a simple thickness gauge can be
used to nd its thickness at a given point location (Fig. 1.5). Automated buoys or
installed hot-wire stakes can cover a longer time series (Polashenski et al., 2011), but
still o er thickness information only at a single point. More recently, electromag-
netic (EM) thickness pro lers towed on sleds have been used to provide transects of
thickness measurements along an ice oe (Haas, 2016).

Fewer large eld campaigns have occurred in the Antarctic due to the ice
being mostly annual and tougher to access. However, some, like the East and
West Antarctic Sea Ice Campaigns (Allison et al., 1993) and near-annual campaigns
from the Alfred Wegener Institute (AWI) and the British Antarctic Survey (BAS)
have worked on the Antarctic sea ice and collected thickness information using the
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methods above. Since icebreakers often resupply the permanent research stations
around the Antarctic continent, these ships can be used to deploy buoys which
collect snow and ice thickness information at a point and continue recording as the

ice moves (Fromm et al., 2020).

Figure 1.5: Sea ice thickness measurement techniques. Clockwise from top left: man-
ual drillings (photo by: Laura Wischnewski), automated thermistor buoys (photo
by: Steven Fons), airbourne (helicopter) EM soundings (photo by: Steven Fons),
and airborne ( xed-wing) laser/radar instruments (photo by: Jeremy Harbeck).

To increase the spatial coverage of thickness observations over the ground-
based measurements, aircraft are often employed. Both xed-wing planes and heli-
copters can be mounted with instruments that aid in retrieving ice thickness. Radars

and laser scanners can provide elevation estimates of the sea ice and sea surface,

which can be combined to estimate thickness (discussed in next chapter). This tech-
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nique is used commonly on airborne campaigns, most notably on NASA's Operation
IceBridge (OIB) campaign. OIB was a 10-year aircraft mission to survey the land
and sea ice at both poles. In total, it ew over 900 ights and collected measure-
ments over both Arctic and Antarctic sea ice (Farrell et al., 2012; Kurtz et al., 2013;
Merzdorf, 2020). Another measurement technique involves towing an EM instru-
ment above the ice, which exploits the EM conductive di erences between ice and
water to estimate the thickness of the ice. This technique has been used recently at
both poles, and has shown good agreement with ground-based measurements (Haas
et al., 2009).

Airborne thickness measurements represent a big step above ground-based
measurements in terms of spatial coverage. However, the polar regions are di-
cult locations in which to work and access, rendering many missions too costly to
routinely y. Additionally, airborne measurements still do not provide basin-scale
estimates of thickness. For this, satellite platforms have been used. Scienti c satel-
lites have been in orbit for dozens of years and used for sea ice research for about
the last 40 (Parkinson, 2019). These early instruments consisted of passive sensors,
meaning they detect re ected sunlight and emitted radiation from the surface. For
sea ice research, passive sensors typically are used for monitoring sea ice extent
(Comiso et al., 1997; Parkinson, 2014; Spreen and Kern, 2016) though studies have
been able to estimate snow depth on sea ice under certain conditions (Markus and
Cavalieri, 1998). To measure sea ice thickness from space, active sensors - namely
altimeters - need to be used. Satellite altimetry has been employed for sea ice re-
search since the 1990's and has continued, virtually uninterrupted, into 2021 (Fig.

14



1.6).

Altimetric retrievals of sea ice thickness have primarily focused on Arctic sea
ice, since more snow depth on sea ice information exists (Petty et al., 2017). These
estimates have come from both laser and radar altimeters (discussed in Chapter 2)
and have been successfully used to initialize sea ice models/forecasts and to evaluate
climate model simulations (Allard et al., 2018; Blockley and Andrew Peterson, 2018;
Mu et al., 2018; Schreder et al., 2019; Stroeve et al., 2014). In the Antarctic, there
is a substantial lack of basin-scale sea ice thickness observations mainly due to the
lack of available snow depth information (Petty et al., 2017; Price et al., 2019).
While techniques involving laser altimetry have been able to provide some estimate
of thickness using assumptions or parameterizations of the snow cover (Kern et al.,
2016; Kurtz and Markus, 2012; Li et al., 2018), the uncertainty surrounding radar
penetration has precluded any Antarctic sea ice thickness estimates from satellite
radar altimetry (Paul et al., 2018; Schwegmann et al., 2016). This de ciency in
radar-derived thickness estimates is problematic for validating sea ice and climate
models in the Southern Ocean (Massonnet et al., 2013; Petty et al., 2017). More

discussion on satellite altimetry is provided in subsequent chapters.

1.2.2 Past trends in sea ice thickness

Trends in sea ice thickness have been uncovered utilizing early submarine
and more recent satellite data. Kwok and Rothrock (2009) combined submarine

data with thickness estimates from NASA's Ice, Cloud, and land Elevation Satellite
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Figure 1.6: Timeline of past and proposed satellite altimeters. From NOAA Labo-
ratory for Satellite Altimetry.
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(ICESat) to nd a thinning of the Arctic sea ice cover of 1.75 m from 1980 to 2008 -

an \astonishing" rate of over 6 cm per year over that span (Fig. 1.7). Other works
have deduced thickness from ice age data derived from passive sensors, and have
found that the Arctic is, in general, getting younger (Fowler et al., 2004; Maslanik

et al., 2007). This means that more of the older, thicker, MYl is melting while less

of the thinner ice is surviving melt seasons to become MYI. Overall, this leads to
more of the Arctic being covered with thinner ice, which leads to a thinner thickness
distribution on average.

In the Antarctic, the substantial lack in basin-scale sea ice thickness observa-
tions discussed above has prevented long-term trends from being uncovered. Never-
theless, Kurtz and Markus (2012) used all available data from ICESat, along with
an assumption of the snow cover, to nd a slight thinning of around 0.02 m between
2003 and 2008, with some regions thinning more and others thickening (Fig. 1.7).
With the launch of ICESat-2 in October 2018, a new altimetry time series has be-
gun from which further change can be detected (Abdalati et al., 2010; Markus et al.,
2017).

Despite the short trends in Antarctic sea ice thickness from altimetry, models
have been successfully used to recreate past thickness distributions and interannual
change. Holland (2014) used a model of the Southern Ocean forced by reanalysis to
assess trends in thickness and volume between 1992 and 2010. They found an overall
thickening of the Antarctic ice pack at the rate of 1.2 mm / year over that 18 year
range, that was caused in part by wind-driven dynamics (Holland, 2014). Similarly,
Massonnet et al. (2013) found a modeled increase in sea ice volume between 1980-
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Figure 1.7: Past trends in (left) Arctic and (right) Antarctic sea ice thickness.
Adapted from Kwok and Rothrock (2009) and Kurtz and Markus (2012).

2008 by using a data assimilation approach and a coupled ocean-sea ice model. Both
of these trends in thickness and volume followed similar, small positive trend in sea
ice extent. While these modelling works proved to be useful, they would sill bene t

from a longer time series of observations from which to better validate the results.

1.2.3 Future projections of sea ice thickness

Based o the observed past trends in sea ice thickness, it is perhaps no surprise
that similar trends are likely to continue in the future. Arctic sea ice is projected to
continue a decline in sea ice age, which would translate to a thinner overall ice pack
(Hunke and Bitz, 2009). While the Intergovernmental Panel on Climate Change
(IPCC) Fifth Assessment Report (AR5) states that there is high con dence for a
decline in Arctic sea ice extent, it does recognize that there is a range in the ability
to simulate observed thickness patterns, reducing con dence in modeled thickness

estimates (IPCC, 2014). Nevertheless, Holland et al. (2006) found a future decline in
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modeled Arctic sea ice thickness of around 1 m by 2100, the likelihood and severity
of which, they argued, could be mitigated through a reduction in greenhouse gas
emissions.

In the Antarctic, projections are even more so complicated by the lack of
available knowledge on past and current sea ice thickness trends. Holland (2014)
found links between Antarctic sea ice extent and thickness over their study period,
suggesting future trends in extent could give some idea into the changes in thickness.
However, the IPCC AR5 asserts low con dence in Antarctic-wide sea ice extent
projections given o setting regional trends - that current models are not able to
replicate - and lack of available validation data (IPCC, 2014). Sadai et al. (2020)
studied climate e ects of a melting Antarctic ice sheet to the year 2250, and found
that a large in ux of freshwater into the Southern Ocean could raise the ocean
freezing point, which in turn would stratify the water column, reduce convection,
and result in a substantial thickening of sea ice along the coast. These ndings (along
with other modeled studies of Antarctic sea ice thickness), however, use models that
once again lack calibration and validation data in the Southern Ocean and therefore
exhibit lower con dence in the resulting thickness distribution (Petty et al., 2017;
Williams et al., 2015).

For Antarctic sea ice especially, it is clear that the current lack of available
basin-scale sea ice thickness data is limiting not just our understanding of the current
thickness distributions or observed trends, but is also limiting our ability to model

future projections of thickness.
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1.3 Dissertation goals and overview

Given the importance of Antarctic sea ice and the current lack in knowledge
of its basin-wide thickness, it is evident that new estimates of pan-Antarctic sea ice
thickness are needed to better detect and understand recent changes in the Southern
Hemisphere sea ice cover. This dissertation will address the above need through the
development and assessment of new retrievals of Antarctic sea ice physical proper-
ties from satellite radar altimetry. The overarching goal of this work is to provide
estimates of Antarctic sea ice thickness from CryoSat-2 for the decade-long mission,
which do not currently exist. In order to achieve this goal, this work will undertake

the following:

" Develop a new technique to retrieve Antarctic sea ice snow freeboard utilizing

a physical model and waveform tting technique

" Assess the retrieved snow freeboards using coincident data from satellite laser

altimetry

" Estimate the snow depth on sea ice from the retrieved parameters and use the

snow depths in calculations of sea ice thickness
The subsequent chapters of this dissertation are organized as follows:

" Chapter 2 provides background on satellite altimetry, methods to retrieve sea
ice properties, and covers the current state of radar altimetry (speci cally
CryoSat-2) algorithms for retrieving sea ice freeboard and thickness. Also,
further motivation for the dissertation is provided.
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" Chapter 3 focuses on the development of a physical model and retrieval algo-
rithm that incorporates the scattering impacts of the snow layer on retrieving
sea ice properties. Independent airborne data showcasing scattering e ects
from the air-snow interface are also shown, as are independent comparisons
of sea ice elevation. This chapter was originally published ifhe Cryosphere

(Fons and Kurtz, 2019).

Chapter 4 concerns freeboard retrievals using this method, and discusses im-
provements made to the original algorithm from Chapter 3. A more thorough
validation is shown using along-track and basin-scale comparisons to ICESat-
2. This chapter covers work submitted tdarth and Space Scienc@-ons et al.,

2021).

Chapter 5 covers ice freeboard and snow depth retrievals using this algorithm,
and combines information from previous chapters to estimate Antarctic sea ice
thickness and volume. A 10+ year time series of Antarctic sea ice thickness

from CryoSat-2 is shown, along with observed trends in the data.

Chapter 6 explores the potential to apply this algorithm to Arctic sea ice, and
compares retrieved properties to airborne and ground-based measurements.

Potential applications for Arctic snow depth retrievals are also discussed.

Chapter 7 concludes this dissertation by providing summaries from each chap-

ter, as well as potential avenues for future research.
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Chapter 2: Background and Motivation

This chapter provides a background into satellite altimetry and its use in sea
ice research. Current methods for retrieving sea ice properties using CryoSat-2 are
discussed, along with their shortcomings. This chapter concludes with motivation

for the work covered in the remainder of the dissertation.

2.1 Satellite altimetry

Satellite altimetry has been used since the 1970's as a method to measure the
height of the earth surface (Haas, 2016; Mcgoogan et al., 1974). The concept of
space-borne altimetry is simple: an instrument in low-earth orbit emits a pulse of
radiation towards the earth and measures the time it takes for that pulse to re-
turn to a detector on the instrument. Combining that time with the speed of the
wave through the atmosphere, one can calculate the range from the surface to the
spacecraft, and, combining that range with a precise knowledge of the spacecraft's
altitude above some reference surface, a useful quantity of surface elevation can be
deduced (Carton, 1989). In reality, the process of determining surface elevation to
a high degree of accuracy and delity from hundreds of kilometers away can be

more nuanced and di cult. This process varies depending on the type of altime-
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ter, the wavelength utilized, and many internal (instrument impacts) and external
(atmosphere and geophysical impacts) factors.

Earth-observing satellite altimeters are typically designed to operate in two
di erent wavelength groups: radar (radio detection and ranging), which includes
microwave radiation ranging from about 3 to 35 GHz, and lidar (light detection and
ranging, hereafter referred to as ‘laser'), which includes visible and near-infrared
wavelengths ranging from about 400 to over 1000 nm (Rosmorduc et al., 2016).
These subsets di er in scattering and absorption properties, and therefore have dif-
ferent information encapsulated in their returns. The longer-wavelength radar pulses
tend not to be a ected by atmospheric conditions while the shorter-wavelength laser
pulses tend to be scattered away by the presence of thick clouds (Brenner et al.,
2007). Wavelength di erences are important over sea ice, where Ku-band radar
pulses tend to penetrate into snow layers while laser pulses tend to scatter predom-
inantly from the snow surface (Fig. 2.1, Giles et al. 2007). The focus of this work is
on radar altimetry and speci cally the CryoSat-2 radar altimeter, which operates in
the Ku-band frequency at 13.6 GHz (Wingham et al., 2006). ICESat-2 data are also
used throughout, which is a laser operating in the visible part of the spectrum with
a 532 nm wavelength (Markus et al., 2017; Neumann et al., 2019). Unless otherwise
noted, mentions in this work of ‘radar altimetry' will refer to Ku-band altimetry,

while “laser altimetry' will typically reference visible wavelengths.
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Figure 2.1: Penetration depths and subsequent sea ice freeboards retrieved from
laser altimetry (left) and radar altimetry (under dierent snow layer condi-
tions/assumptions, middle left and right). Retrieval of the sea surface anomaly
(SSA) from the mean sea surface (MSS) is given on the right. Adapted from Ricker
et al. (2014).

2.2 Radar altimetry and CryoSat-2

Radar altimeters typically operate by sending a pulse or burst of pulses of
microwave radiation down to the surface and detecting the return power spectrum
(Rosmorduc et al., 2016). These return pulses are also called echoes, returns, and
waveforms, and represent spectra of return power over time that dier in shape
depending on the type of the altimeter. Radar altimeters typically come in one
of two types: beam-limited or pulse-limited. Both of these designations refer to
the limiting factor of the radar return. For beam-limited altimeters, the shape of
the return pulse is determined by the width of the beam, while for pulse-limited

altimeters the shape of the return pulse is determined by the length of the emitted
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Figure 2.2: Di erences in radar footprints between beam-limited (left), pulse-limited
(middle) and SAR (Doppler-limited, right) altimeters. Adapted from S rensen
(2016).

pulse (Fig. 2.2, Martin et al. 1983; Rosmorduc et al. 2016). To have a reasonably-
sized footprint from a radar instrument, a beam-limited altimeter would need to
have a very large antenna that is impractical for spacecraft. Therefore, most radar
altimeters use a pulse-limited platform (Cipollini and Snaith, 2013).

Outside of the traditional beam- and pulse-limited altimeters, there exists
another class of altimetry referred to as Synthetic Aperture Radar (SAR) altimetry,
or delay-Doppler altimetry. SAR altimetry utilizes the along-track motion of the
spacecraft to create a synthetically-large antenna and coherently processes groups
of return echoes based on their polarization (Drinkwater et al., 2004; Raney, 1998;
Wingham et al., 2006). This processing e ectively creates strips of footprints within
the area illuminated by the radar pulse on the surface (Fig. 2.2). SAR processing

is used by the satellite altimeter CryoSat-2.
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As mentioned, CryoSat-2 is a Ku-band radar altimeter launched by the Euro-
pean Space Agency (ESA) in April of 2010. It is the successor of CryoSat, which
attempted launch in 2006 but failed to reach orbit (Wingham et al., 2006). Since
launch, CryoSat-2 has provided consistent sampling of Earth's surface with a focus
on land and sea ice in the polar regions, recording 10 years on orbit in April of
2020 and continuing to record data at the time of this writing. CryoSat-2 operates
in three distinct modes: Low resolution mode (LRM), Synthetic Aperture (SAR)
mode, and Synthetic Aperture - Interferometric (SARIN) mode (Drinkwater et al.,
2004; Wingham et al., 2006). LRM is a traditional pulse-limited mode that is used
over ice sheets where large changes in topography are not expected. The pulse-
limited footprint has an area of around 2.15 krh (Scagliola, 2013). SAR mode is
used primarily over sea ice zones in both hemispheres. SAR processing results in
an along-track footprint that is pulse-Doppler-limited, while maintaining a footprint
that is pulse-limited in the across-track direction. The resulting footprint is approxi-
mately 1.65 km across-track and 360 m along-track, though strong-scattering returns
can come from the much larger beam-limited footprint (Scagliola, 2013). The same
pulse-Doppler-limited footprint is present in the SARIn mode, which additionally
utilizes the interferometric capabilities of the instrument to record the phase and
arrival angle of the return pulse. SARIn data are typically collected along the coast-
lines and in mountainous regions (Wingham et al., 2006). More information on the
CryoSat-2 data is given in Chapter 3.

In each mode, CryoSat-2 can only detect elevations from within a given \win-

dow" of where the surface is expected to be. This window is 60 m in LRM and
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SAR modes and 240 m in SARIn mode to handle the larger changes in surface slope
(European Space Agency, 2019a). The received echo falls somewhere within the
window depending on the surface height. In order to retrieve surface elevation from
the CryoSat-2 echoes, one must nd the location of the surface (as a function of
the return time) along the waveform. This surface nding is done through a process
called ‘retracking'. Retracking is the method of picking out the surface along a radar
altimeter waveform, and many di erent retracking methods exist depending on the
surface or parameter being studied (Garcia et al., 2014; Ricker et al., 2014; Rosmor-
duc et al., 2016). CryoSat-2 retracking is done to retrieve sea surface heights (Jain
et al., 2015), wind and signi cant wave heights (Abdalla et al., 2018), and elevations
of inland water, ice sheets, and sea ice (Helm et al., 2014; Laxon et al., 2013; Nielsen
et al., 2015). The retracking process provides the retracking correction, discussed

in the next section.

2.3 Sea ice freeboard and thickness from CryoSat-2

CryoSat-2 data have been used over sea ice primarily to enable estimation of its
thickness. As noted in Chapter 1, sea ice thickness is de ned as the height of the sea
ice both below and above the water level. This quantity cannot be directly measured
from space (Kwok, 2011) but instead must be deduced from other quantities and
mathematical relationships. Typically, radar altimetry-derived sea ice thickness is

given by:

hi = = - hyi + s - hg; (2.1)
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where h is the sea ice thickness,h is the ice freeboard, his the snow depth, ,
is the density of seawater, ; is the density of sea ice, ands is the density of snow.
This equation is derived from the assumption of hydrostatic equilibrium (given in
Appendix A).

In Equation 2.1, freeboard is the quantity that is able to be retrieved from
altimetry, and therefore is the necessary rst step in estimating thickness. Freeboard
is de ned as the height of the ice above the water level. There are two distinct types
of freeboard: the \snow" (or \total") freeboard, which is the height of the snow
and ice above the local sea surface, and the \ice" freeboard, which is de ned as
the height of just the ice above the local sea surface. Snow freeboard is typically
retrieved from a laser altimeter, while the ice freeboard is commonly retrieved from
a radar altimeter such as CryoSat-2. Studies that do not account for radar wave
speed slowdown within the snowpack retrieve what is known as \radar freeboard",
which is so named to acknowledge the non-physical \interface" that is retrieved. The
retrieved height from radar freeboards is typically located within the snow layer at
a level higher than the snow-ice interface. Figure 2.1 shows examples of the sea ice
freeboard measured from di erent satellite altimeters. The following sections step
through the process of retrieving sea ice freeboard and estimating thickness from

CryoSat-2.
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2.3.1 Elevation retrieval

The rst step in retrieving sea ice freeboard and thus the sea ice thickness is
to retrieve the elevation of the sea ice and local sea surface. Elevatidn)(of the
surface is given by:

he= A Ry (2.2)

whereA is the altitude of the satellite center of gravity above the World Geodetic
System 1984 (WGS84) ellipsoid arigl, is the range from the satellite to the surface,
given by:

Ro=Rn+ G+ g (2.3)

whereR,, is the raw range computed from the time delay to a reference point of the
range window, c; is the retracking correction, andcg is the geophysical correction.
Both A and R, are given in the CryoSat-2 data products (European Space Agency,
2019a). Through Equations 2.2 and 2.3, the raw range is converted to a more use-
ful unit of measure, which is elevation of the surface above the WGS84 ellipsoid
(European Space Agency, 2019a). This is done by accounting for geophysical im-
pacts to the radar pulse (geophysical correction) the location of the surface along
the waveform (retracking correction). A summary of these terms is provided in Fig.

2.3.
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2.3.2 Geophysical corrections

Geophysical corrections are values added to the ranges to account for the
e ects of physical phenomena on the radar pulse as well as on the surface of interest
(Rosmorduc et al., 2016). For sea ice, they include e ects from the ocean surface,
the atmosphere, and tides. The individual corrections applied to SAR / SARIn data
over sea ice typically are derived from models and are discussed in this section.

The ocean surface correction includes the Inverse Barometric correction (IBC).
The IBC accounts for variations in the sea surface height due to atmospheric pressure
variations (European Space Agency, 2019a). Values come from the Meteo-France
Multi-mission ground segment of Altimetry, Orbitography and precise localization
(SSALTO) (Carere and Lyard, 2003) and range from -15 cm to +15 cm.

The atmospheric propagation corrections include the Dry Tropospheric correc-
tion (DTC), the Wet Tropospheric correction (WTC), and the lonosphere correction
(IC). The DTC and WTC are corrections for refraction and path delay of the radar
beam due to the dry gas (DTC) and water vapor (WTC) respectively. The DTC is
computed by the CryoSat-2 processors using dynamic mean surface pressure values
from the European Center for Medium-Range Weather Forecasts (ECMWF) model,
and ranges in value from 1.7 to 2.5 m (European Space Agency, 2019a). The WTC
is sourced from Meteo-France SSALTO and is based on the ECMWF model, with
a range between 0 to 50 cm. The IC accounts for the path delay brought on by the
free electron content of the ionosphere and also ranges between 0 and 50 cm. The IC

is calculated from both the Global lonosphere Map (GIM) and the Bent model; the
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Figure 2.3: Geophysical corrections and reference surfaces applied to CryoSat-2 data
(Egns. 2.2 and 2.3) to retrieve elevation. From European Space Agency (2019a).
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