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Figure 4.11 Algal bloom

An algal bloom was photographed on 10 February 2021 in the Murrray River, near its junction with the Darling River. This bloom in the 
foreground appears milky due to photo bleaching as it dies, in contrast with the clear water in the distance.

Source: Nathan Drayson, CSIRO

4.7 Ice cover
In polar regions, both landmasses and waterbodies 
may be covered with ice (and snow). Two main 
categories of surface ice can be defined in polar 
regions. These are:

 § glacier ice, which accumulates (from snowfall and 
subsequent compaction) over a land mass and 
occurs in the extensive ice sheets in Antarctica and 
Greenland, the coastal margins of which can extend 
across the ocean in the form of floating glacier 
tongues and ice shelves; and

 § sea ice, which is frozen seawater and occurs in the 
high-latitude waters of the Arctic region and the 
Southern Ocean around Antarctica (see Section 2.5. 
Note that sea ice also occurs in winter in certain 
lower-latitude regions, such as the Bohai Sea, Sea of 
Okhotsk, and the Baltic Sea). 

While their ice-covered surfaces may appear to be 
similar, the formation and nature of ice in the Arctic 
region (around the North Pole) and the Antarctic 
region (around the South Pole) are quite different due 
to their different geographical settings and related 

formation and melt processes (for details see Massom, 
2009). Antarctica is a frozen continent surrounded by 
a highly dynamic and stormy ocean, whereas the Arctic 
comprises a frozen ocean basin largely surrounded by 
land (NASA Earth Observatory, 2016). 

Due to their high reflectance and strong insulative 
properties, the polar ice and snow masses 
substantially modify the surface radiation balance of 
ocean surface properties and the interaction of the 
ocean and its surface with the atmosphere.  Moreover, 
the presence of a snow and ice surface significantly 
limits the input of solar radiation to heat the upper 
ocean, while sea ice formation and melt processes 
also modify the characteristics of the underlying 
ocean through injection of brine and freshwater 
respectively, and contribute in places to global ocean 
(thermohaline) circulation (see Section 5.1.2). As 
detailed in Section 15, EO has a crucially important 
role to play in the measurement and monitoring of 
polar snow and ice masses, which are vulnerable to 
climate change.  
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15  Ice

Background image: RS53617 Jade Iceberg near Macey Island. The top of this iceberg is estimated to be around 30 m above ground level. Source: © Peter Layt, 
Australian Antarctic Division.

Recommended Chapter Citation: Massom, R.A. (2021). Ice. Ch 15 in Earth Observation: Data, Processing and Applications. Volume 3B—Surface Waters. CRCSI, 
Melbourne. pp. 281–310. ISBN 978-0-6482278-5-4.

Rob Massom

It is estimated that at least 10% of the Earth’s surface is covered in glacial ice, 90% of which is in Antarctica 
(USGS, 2021). As part of the water cycle, ice caps, glaciers, and permanent snow store 1.7% of the total volume 
of water on Earth (see Section 1.1). 

The following sub-sections describe ice in Australian 
surface waters (see Section 15.1), relevant EO sensors 
for mapping and monitoring ice (see Section 15.2), EO 

of the Antarctic Ice Sheet (see Section 15.3), EO of sea 
ice (see Section 15.4), and future opportunities and 
needs in this area (see Section 15.5).

15.1 Ice in Australian Surface Waters
Although geographically isolated by the circumpolar 
Southern Ocean, Antarctica is connected to the 
rest of the world through oceanic and atmospheric 
circulations, and plays a pivotal role in the global 
climate system (see Section 2.5). Ubiquitous features 
are a vast ice sheet surrounded by a seasonally-
variable cover of sea ice, which together extend over 
an area of up to ~33 million km2—or 6% of the Earth’s 
surface—in winter (see Figure 15.1). By virtue of their 
physical setting and properties, these two immense 
snow and ice masses interact strongly not only with 
each other but also with the high-latitude ocean 
and atmosphere, to significantly modify and affect 
the ocean-atmosphere system and the processes 
therein. In this way, Antarctic ice-ocean-atmosphere 
interactions and processes affect both regional 
weather and patterns of oceanic and atmospheric 
variability across the wider Southern Hemisphere 
and beyond (see Section 1.4). At the same time, the 
Antarctic cryosphere is not only a highly sensitive 
indicator of climate change, which is amplified in polar 
regions, but it also plays an active role in modulating 
such change. Sea ice also forms an important habitat 
for a plethora of organisms, from microscopic algae 
through krill to whales (Thomas, 2017), and either 
aids or hinders marine operations and other human 
activities around the continent.

The fundamental role of the Antarctic cryosphere 
in the Earth system, and its sensitivity to change 
in the ocean and atmosphere, implies that warming 
in the region will have wide-ranging consequences 
for climate, sea level rise, ecosystems, and human 
activities (including shipping operations). As such, 
developing improved understanding of the nature, 
drivers, and impacts of Antarctic sea ice and ice sheet 
change is a high priority in climate research, leading 
towards more accurate model prediction of the 
future trajectory and effects of cryospheric change 
(Kennicutt et al., 2014). The challenge is great, given 
the vast scale, remoteness, dynamism, complexity 
and inhospitable nature of the Antarctic environment, 
which is also shrouded in darkness for part of the year 
and extensively cloud covered. Earth Observation 
from Space (EOS) has a crucially important role to 
play here, in concert with autonomous sensors and 
remote sensing systems, process studies, and in situ 
observations (Lubin and Massom, 2006; Massom and 
Lubin, 2006). The latter provide important additional 
information that cannot be obtained by EO alone, and 
are also a crucial means of calibrating and validating key 
satellite-derived quantities. Timely sea ice and iceberg 
information is also required in near real time from EO 
in support of safe shipping and operational activities 
around Antarctica (COMNAP, 2015; WMO, 2021). 
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Figure 15.1 Satellite-derived map of the Antarctic Ice Sheet and surrounding sea ice

Grounded ice sheet and ice shelf motion are derived from multiple satellite interferometric Synthetic Aperture Radar (SAR) images 
(Rignot et al., 2011) acquired between 2007 and 2009. Ice sheet motion flow lines are superimposed on the MODIS mosaic of 
Antarctica (Haran et al., 2014). Sea ice motion is the mean of daily gridded Polar Pathfinder radiometry (Tschudi et al., 2016) obtained 
during winter maximum sea ice extent (September) of each year for the period 1990 to 2016. The motion vectors are superimposed 
on a map of mean sea ice concentration and extent derived from passive microwave brightness temperatures (Fetterer et al., 2017) 
for the Septembers of 1990 to 2016. Also shown are the average minimum extent of sea ice recorded between 1990 to 2016 (blue 
dashed boundaries), the grounded ice sheet and the floating ice shelves (black boundaries), and the bathymetry of the surrounding 
ocean (Ryan et al., 2009).

Adapted from Shepherd et al. (2018). Figure 1
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In the following subsection, we provide a brief 
description of aspects of the Antarctic Ice Sheet and 
its surrounding sea ice cover that are relevant to, and 
measurable by, EO. The importance of EO for mapping 
and monitoring sea ice is highlighted in Excursus 15.1. 
Detailed information on the geographical setting 
of Antarctica and high-latitude Southern Ocean, 
including seafloor bathymetry and large scale ocean 
current patterns and fronts, is provided by Post et al. 
(2014). For further information on sea ice, see ACE 
CRC (2014), Thomas (2017) and Weeks (2010), and 
see ACE CRC (2017) for ice sheet issues. Annual 
assessments of change/variability in Antarctic sea 
ice coverage and duration are provided in annual 
NOAA BAMS State of the Climate Reports (https://
www.ncei.noaa.gov/bams-state-of-climate). For 
further information on the relationship of sea ice and 
oceanography in the Southern Ocean, see Meredith 
and Brandon (2016). 

15.1.1 Antarctic Ice Sheet
Formed from the accumulation and compaction 
of snowfall over many thousands of years, the 
Antarctic Ice Sheet covers nearly 14 million km2 (or 
> 99%) of the Antarctic continent; this is twice the 
size of Australia. Of this, the Australian Antarctic 
Territory comprises the sector between 45°E and 
160°E (excluding 136°E–142°E). The ice sheet is more 
than 4 km thick in places (mean thickness 2.16 km, 
maximum thickness 4.776 km) and has an average 
elevation of 2.5 km. Crucially, it holds ~70% of the 
Earth’s freshwater and more than 90% (approximately 
26.9 million km3) of its ice (Fretwell et al., 2013). If 
melted, this is enough water to raise mean global sea 
level by nearly 60 m. 

The ice sheet is in fact made up of three major 
components: the East and West Antarctic ice sheets 
and the Antarctic Peninsula. The distinct differences 
between the East Antarctic Ice Sheet (EAIS) and 
the West Antarctic Ice Sheet (WAIS) are depicted 
in Figure 15.2. The EAIS contains about nine times 
the ice volume of the WAIS, and is significantly 
thicker and higher. Moreover, the WAIS largely sits on 
bedrock up to 2,500 m below sea level in places, and 
is termed a marine ice sheet. Ice sheet regions that sit 
resting on bedrock below sea level are thought to be 
less stable than those that are grounded above sea 
level, and are therefore more susceptible to climate 
change. Dynamic instability in the ice sheet response 
to global warming is potentially the largest unknown 
in projecting future sea level rise (SLR; Kennicutt 
et al., 2014).

Gravity-driven discharge of ice from the inland ice 
sheet across the boundary between the grounded 
and freely-floating parts of the ice sheet (termed the 
grounding line) and into the Southern Ocean occurs 
mainly via about 30 major glaciers and ice streams, 
which each drain extensive catchment regions (Zwally 
et al., 2012). The rate of ice discharge is determined 
not only by the ice thickness, surface slope, 
temperature, basal topography and conditions (Cuffey 
and Patterson, 2010), but is also affected by the 
presence of floating glacier tongues and ice shelves 
that abut 74% (or 39,670 km) of the grounded ice 
sheet boundary (Bindschadler et al., 2011). As floating 
seaward extensions of fast-flowing outlet glaciers and 
ice streams, ice shelves play a crucially important role 
in buttressing (restraining) the dynamic discharge of 
grounded ice mass into the ocean—to moderate the 
ice sheet contribution to SLR (see Figure 15.3). 

Figure 15.2 Plan view and cross section profiles across Antarctica

These cross sections show the differences between the West Antarctic Ice Sheet (WAIS) and the East Antarctic Ice Sheet (EAIS).

a. Plan view of the continent from A to B          b. Cross section through the continent from A to B

 
Source: British Antarctic Survey

https://www.ncei.noaa.gov/bams-state-of-climate
https://www.ncei.noaa.gov/bams-state-of-climate
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Figure 15.3 Schematic of an Antarctic ice shelf

The mass budget for an ice shelf is the sum of (i) gains (inputs) from glacier flow across the grounding line and snow accumulation 
and (ii) losses/outputs by iceberg production and net basal and surface melting. 

Source: Padman et al. (2018) Figure 3

18 Melting of an ice shelf base occurs when water in contact with it is warmer than the freezing point. The freezing point of seawater decreases with water 
depth, from about -1.9°C at the surface of the ocean to about -4°C at a water depth of 2500 m. As a result, water that is relatively warm, e.g. -0.5°C, will result 
in strong basal melting of an ice shelf.

Given their direct contact with the (warming) 
atmosphere and ocean, ice shelves are the most 
vulnerable part of the ice sheet system (ACE CRC, 
2017), with EOS showing recent extensive thinning 
due to basal melting by a warming ocean18 and (in 
certain regions) abrupt melt-related, large scale 
disintegration (see Section 15.3.1). The thinning, 
weakening, or loss of ice shelves diminishes/removes 
their buttressing capacity, leading to increased flow 
of grounded ice into the ocean to contribute to SLR. 
Clearly this is of great concern, and monitoring the 
rate of dynamic ice discharge and the ‘health’ of 
Antarctic ice shelves—and how, where, and why/
whether they are changing—is a high priority in EO. 
Moreover, increased freshwater input to the Southern 
Ocean from glacial and iceberg melt has potentially 
important consequences for ocean stratification 
properties and circulation, as well as marine 
ecosystems (Kennicutt et al., 2014).

EOS has a crucial role to play in the measurement 
and monitoring of the mass balance of the ice sheet 
(Bamber and Payne, 2004), and determination of: 

 § where, how and why this is changing; and 

 § its contribution to SLR (in concert with modelling 
and in situ observation). 

Ice sheet mass balance describes the relationship 
between:

 § total mass gain by snow accumulation; and

 § mass loss by a combination of ablation 
(evaporation), surface melting, basal melting 
(largely through contact with the ocean), ice 
discharge, and iceberg calving (Figure 15.4). 

The acquisition of regular and reliable repeat 
measurements of key ice sheet features and 
properties—and understanding the processes driving 
observed change—is critical to improving ice sheet 
models used for the prediction of future ice loss and 
subsequent SLR (ACE CRC, 2017).
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Figure 15.4 Schematic of an ice sheet and its individual mass balance components

Source: Abdalati (2006) Figure 1. Retrieved from https://upload.wikimedia.org/wikipedia/commons/a/a2/Mass_balance_atmospheric_circulation.png

15.1.2 Antarctic sea ice
In contrast to the ice sheet, its floating margins 
and icebergs, sea ice is frozen seawater that forms 
when the ocean cools to the point of freezing 
(approximately -1.8°C for water with a salinity of 
34 psu). From a summer minimum of 3–4 million km2 
(in February), Antarctic sea ice coverage expands 
to about 19–20 million km2 at its maximum annual 
extent in September (about 1.5 times the size of 
the Antarctic continent itself; see Figure 15.5). This 
annual advance-retreat cycle—in response to large 
scale climatological patterns of atmospheric and 
oceanic temperature and circulation—entails one 
the greatest seasonal changes on Earth. Crucially, it 
also substantially modifies the surface properties of 
the high-latitude Southern Ocean, and its interaction 
with the overlying atmosphere (see Excursus 15.1 
below). At its winter maximum, the latitudinal width 
of the sea ice zone varies substantially around the 
continent, from only a few hundred kilometres (such 
as off East Antarctica at 120°E to 135°E) to ~2200 km 
in the Weddell Sea sector (where it occupies a deep 
poleward embayment).

Broadly speaking, sea ice is made up of two main 
components: 1) pack ice, and 2) the less extensive 
coastal landfast or fast ice (see Figure 15.6). Pack ice 
comprises a heterogeneous agglomeration of different 
contiguous pieces of ice (termed floes) of varying 
age, thickness, and size (sub-metre to kilometre scale) 
that are constantly moving (up to tens of kilometres 
a day) in response to winds and ocean currents. Most 
Antarctic pack ice is seasonal and therefore less than 
one year old—so-called first-year ice. This type of 
ice has a thickness range of 0.3–2.0 m (typically), 
although greater thicknesses (of ~10 m) can occur 
by ice deformation where ice floes collide (Massom 
et al., 2006). Perennial sea ice (ice that survives one 
or more summer melt seasons) is generally thicker 
than typical first-year ice, but is largely confined to 
southernmost parts of the Weddell, Amundsen, and 
eastern Ross seas (see Figure 15.5). The remainder 
that forms and melts back each year is termed the 
seasonal sea ice zone.

https://upload.wikimedia.org/wikipedia/commons/a/a2/Mass_balance_atmospheric_circulation.png
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Figure 15.5 Extent of Antarctic sea ice in 2015/2016

Each year, and on average, Antarctic sea ice coverage peaks in September–October, and attains a minimum in February, when it 
melts completely back to the continent in places. 

a. 2015 maximum (October 6) b. 2016 minimum (19 February)

Source: NASA Earth Observatory, based on AMSR2 data supplied by GCOM-W1/JAXA. Retrieved from: https://earthobservatory.nasa.gov/features/SeaIce/
page1.php

In contrast to pack ice, fast ice is highly-consolidated 
and stationary sea ice, which is confined to coastal 
margins, where it is either held in place by myriad 
grounded icebergs (in waters shallower than about 
450 m) and/or by coastal promontories, or occurs in 
sheltered embayments (Giles et al., 2008a). There, it 
forms a relatively narrow band from a few kilometres 
to about 250 km wide in places (Fraser et al., 2012), 
but plays a key ecological role (Massom et al., 2009) 
as well as stabilizing ice shelf margins to which it 
is attached (Massom et al., 2018). Depending on 
the geographical setting, Antarctic fast ice can be 
either annual or perennial, and can attain great ages 
(decades) and thicknesses (of > 10 m) in certain 
sheltered locations (Massom et al., 2010).

The areal extent of sea ice coverage, its thickness 
distribution, and patterns of annual advance, retreat, 
and duration (and their variability) are the product 
of a complex interplay of both thermodynamic and 
dynamic processes—the former involving freeze 
and melt, and the latter involving movement and 
deformation of the ice driven by winds and ocean 
currents and interaction with the ice sheet margins 
and icebergs. At any given time, this complex 
interplay of processes and the frequent passage 
of storms creates a highly heterogeneous mixture 
of ice of different types, ages, and thicknesses. On 

larger scales, however, the Antarctic sea ice zone is 
characterised by distinctive large scale components 
(Massom and Stammerjohn, 2010). The outer part 
of the pack, called the marginal ice zone or MIZ, 
comes into direct contact with the open, high-energy 
Southern Ocean and is strongly affected by ocean 
waves that not only generate new ice formation 
but also break up existing floes. To the south, the 
more stable mid-pack ice zone (protected by the 
MIZ) is generally characterised by larger floes and 
thicker snow cover, but is still affected by a constant 
passage of storms. Closer to the continent itself, sea 
ice conditions are strongly affected by interaction 
with ice sheet margins and grounded icebergs; this 
is also the realm of fast ice attached to the coast. 
In the coastal zone, recurrent polynyas (persistent 
areas of open water bounded by sea ice) play a crucial 
role as sea ice ‘factories’ in the freezing season and 
areas of enhanced melt and biological activity in 
spring-summer (Barber and Massom, 2007). Polynyas 
form in the lee of blocking features, such as coastal 
promontories, and are also maintained by strong 
katabatic winds cascading seawards from the ice 
sheet interior.

https://earthobservatory.nasa.gov/features/SeaIce/page1.php
https://earthobservatory.nasa.gov/features/SeaIce/page1.php
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Figure 15.6 Photographs of Antarctic pack ice and fast ice

Fast ice formation is often associated with grounded icebergs, as shown here.

a) Pack ice

500 m

b) Fast ice

At the microscale and unlike the freshwater ice 
sheet, sea ice comprises a heterogeneous matrix 
of ice with small inclusions (pockets/cells) of brine 
(Petrich and Eicken, 2017), the characteristics of 
which are constantly modified by the interaction of 
physical, chemical, and biological processes that vary 
over space and time. The ice crystals themselves 
are either long and thin (columnar ice that grows 
downwards under calm conditions) or more granular 
(frazil ice that forms under turbulent conditions); 
a mix of both is typical for Antarctic sea ice. Sea 
ice older than a few days also accumulates a snow 
cover, which acts as an insulative and high-albedo 
blanket to substantially modify the temperature, 
thermodynamic growth, and properties of the 
underlying sea ice (Sturm and Massom, 2017). Snow 
also strongly modifies the amount and spectral 
properties of light available for phytoplankton growth 
within and under the ice (Wongpan et al., 2018). 
Moreover, snow makes an important (though poorly 
quantified) direct contribution to the overall mass 

balance of the Antarctic sea ice cover by depressing 
relatively thin sea ice below sea level. This leads to 
extensive surface flooding to create slush, which 
subsequently freezes (depending on season) to form 
snow ice (Massom et al., 2001a). The introduction 
of seawater onto the ice further affects its EO 
signature, particularly at microwave wavelengths. 
The wetness, crystal structure, and density of the 
snow cover change/vary in space and time, to also 
modify sea ice as an EO target (both in terms of 
optical and microwave properties), and the retrieval of 
sea ice thickness estimates from altimeter data (see 
Section 15.4.4).

Sea ice type is classified (named) and categorised 
depending on its thickness (related to age/stage of 
development), and based on established international 
protocol (see http://aspect.antarctica.gov.au/home/
glossary-and-image-library for a glossary and image 
library of sea ice types and terms). Excursus 15.1 
summarises the key role of various types of EO for 
measuring and monitoring Antarctic sea ice.

Excursus 15.1 —The Importance of EO for Sea Ice

Source: Rob Massom, Australian Antarctic Division/Australian Antarctic Program Partnership 
Further Information: Notz and Bitz (2016); Weeks (2010)

Measuring and monitoring Antarctic sea ice and its 
snow cover—and determining the nature, drivers 
and effects of change—are crucially important 
for a number of reasons, and are key steps 
towards improved (model) prediction of the likely 
trajectory and impacts of sea ice change in a future 
warming world (see Notz and Bitz, 2016, for further 
information). Sea ice forms a pivotal component 

of the global climate system and strongly modifies 
ocean-atmosphere interaction over vast areas of 
the Southern Ocean (as well as in the Arctic). It 
significantly increases the ocean-surface albedo—
to reduce the amount of incoming solar radiation 
absorbed at the ocean surface—and also insulates 
the polar ocean from heat loss to the atmosphere 
during winter (by up to two orders of magnitude; see 

http://aspect.antarctica.gov.au/home/glossary-and-image-library
http://aspect.antarctica.gov.au/home/glossary-and-image-library
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Weeks, 2010, for further information) and heat gain 
during summer. At the same time, sea ice forms a 
physical barrier to the atmosphere-ocean exchange 
of wind energy and climate gases such as water 
vapour and CO2. Also, brine (dense salty water) 
rejected downwards by growing sea ice modifies 
the ocean density structure, and in places induces 
deep vertical convection and dense cold Antarctic 
Bottom Water formation that contributes to global 
ocean thermohaline (overturning) circulation (see 
Sections 1.4, 5.1.2, and 16). In this way, the influence of 
Antarctic sea ice reaches the tropics and the Northern 
Hemisphere as well as the ocean abyss (Bindoff 
et al., 2000). Due to its intimate association with the 
ocean and atmosphere, sea ice is not only a sensitive 
indicator but also a modulator of climate change and 
variability—the latter by virtue of its key role within 
the coupled sea ice/ocean/atmosphere system and 
due to the ice-albedo feedback mechanism.

Sea ice also dominates the seasonal chemical 
dynamics of the high-latitude Southern Ocean 
(Vancoppenolle et al., 2013), and plays a crucial role 
in marine ecosystem structure and function as a key 
habitat and food source for a wide range of biota, 
including krill (Massom and Stammerjohn, 2010; 
Thomas, 2017). Such is the high biological productivity 
of the Antarctic seasonal sea ice zone that it also 
plays an important role in the carbon cycle (see 
Section 1.5). When the ice melts in spring-summer, 
it injects a pulse of fresher water that stratifies 
and stabilises the upper ocean and drives intense 
blooms of algae following their release from the ice. 
Such blooms are measured by satellite ocean colour 
sensors (see Sections 8.5 and 18). From a human 
perspective, sea ice strongly affects safe shipping, 
tourism, and other operations in high-latitude 
Southern Ocean waters, including access to resupply 
of Australian Antarctic bases, and EOS has a key role 
in informing such operations in a timely fashion.

In general, the influence of sea ice and the magnitude 
of its effects depend on a number of fundamentally 
important characteristics (quantities/variables) that 
can be measured and monitored from space, and their 
interrelationships and spatiotemporal characteristics. 
These are:

 § Concentration—the percentage coverage of 
sea ice versus ice-free ocean within a given 
surface area.

 § Extent—defined as the total area covered by some 
amount of ice (including open water between floes).

 § Area—the part of a given area covered by ice 
alone (that is, the product of ice extent and 
concentration).

 § Seasonality—the timings of annual sea ice advance 
and retreat for a given Antarctic ‘sea ice year’ 
(February to February), and the resultant duration 
of coverage.

 § Thickness distribution—the fraction of surface 
area covered by different ice thickness categories.

 § Thickness and properties of snow cover—sea ice 
older than a few days typically accumulates a snow 
cover. This significantly modifies the physical and 
chemical properties of the underlying ice, and also 
affects its growth and melt rates, and its climatic 
and ecological roles (see Sturm and Massom 
(2017) for further information). Unfortunately, large 
scale mapping of snow thickness is not currently 
possible by satellite, although it can be derived 
from airborne snow radar (for example, the NASA 
Ice Bridge Project (Kurtz et al., 2012; see Section 
15.6). Issues related to snow in the sea ice system, 
including the lack of accurate information on 
precipitation, are outlined by Webster et al. (2018).

 § Drift (movement over space and time), and 
dynamics (including deformation)—principal 
forces acting on the ice are wind (ice moves at 
2% of the wind speed when drifting freely and 
to the left of the wind direction in the Southern 
Hemisphere; see Figure 1.10), ocean currents (see 
Section 17), Coriolis force (see Excursus 1.2), and 
internal ice stress (involving floe-floe collisions 
and interaction of the sea ice with the ice sheet 
margins and icebergs; see Section 1). Divergence 
of the ice motion field creates ephemeral linear 
openings (leads) that rapidly freeze over in winter, 
while convergence causes the existing ice to 
deform and thicken. Around Antarctica, these 
patterns are cyclical on typical scales of 1–3 days 
with the constant passage of storms, and dynamic 
thickening predominates once sea ice grows 
thermodynamically to ~0.5 m (Worby et al., 1998). 
Sea ice drift also transports sea ice from regions 
of formation to regions of melt, to significantly 
affect the ocean freshwater budget and ocean 
stratification.
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15.2 EO Sensors for Ice
Important EO sensors relevant to ice sheet and sea ice 
measurement and monitoring (either individually or 
in combination) are listed in Table 15.1. These include 
visible through near infrared (NIR) to thermal infrared 
(TIR) radiometers, Synthetic Aperture Radar (SAR), 

passive microwave radiometers, radar scatterometers, 
radar and laser altimeters, and gravity sensors (see 
Sections 8.5 and 9, also Volume 1A—Sections 14 to 16, 
and Excursus 1.1). For more information, see Lubin and 
Massom (2006) and Massom and Lubin (2006). 

Table 15.1 EO sensors relevant to ice

TIR: Thermal infrared; SAR: Synthetic Aperture Radar

Type Sensor Platform Relevance Advantages Disadvantages

Passive 
optical

Panchromatic, 
Multispectral, 
and 
Hyperspectral 
radiometers

Satellite 
or 
airborne

Mapping/monitoring of ice sheet margin, glacier surface, iceberg 
calving events, surface melt, snow surface grain size,

Ice sheet surface velocity,

Estimating thin sea ice thickness (e.g. coastal polynyas),

Sea ice floe size distribution (from high spatial resolution 
datasets),

Sea ice extent (both pack ice and fast ice),

Surface albedo,

Ocean colour (primary production adjacent to/within the sea 
ice zone),

Iceberg distribution (high resolution)

Time series 
datasets

Does not 
penetrate 
cloud, requires 
sunlight, 
sensors with 
high spatial 
resolution 
have limited 
coverage

TIR radiometer
Satellite 
or 
airborne

Mapping of ice surface ‘skin’ temperature, and adjacent SST,

Detection of thin sea ice and estimation of its thickness,

Sea ice extent

Does not require 
sunlight

Does not 
penetrate cloud

Active 
optical

Laser altimeter
Airborne 
or 
satellite

Measuring and mapping ice sheet topography, surface 
roughness and elevation, and monitoring elevation change,

Measuring and monitoring sea ice thickness (ice plus snow) 
and ice surface roughness (also scanning laser),

Mapping of ice sheet surface velocity and subsurface structure

Does not require 
sunlight, higher 
spatial resolution 
and accuracy 
(potentially) than 
radar altimetry

Does not 
penetrate cloud

Passive 
microwave

Passive 
microwave 
radiometer

Satellite

Large scale detecting, mapping, and monitoring surface melt on 
ice sheets,

Monitoring extent, concentration, and drift of sea ice,

Mapping of polynyas (and estimation of sea-ice production 
rates—see Tamura et al., 2016)

All weather, long 
time series, daily 
circum-Antarctic 
coverage 

Low spatial 
resolution

Active 
microwave

SAR Satellite

High resolution mapping of subsurface structure of ice sheet 
and glaciers, and surface melt on ice sheets,

Grounding line detection and monitoring (SAR interferometry),

Detection and tracking of icebergs,

Crevasse detection and sea ice surface roughness,

Measuring surface velocity of glaciers and ice streams,

Sea ice velocity and dynamics,

Waves in sea ice,

Sea ice type classification

All weather, 
penetrates snow 
cover, does not 
require sunlight, 
high spatial 
resolution, 
reasonably long 
time series

Relatively 
poor coverage 
(relatively 
narrow swath 
width), data 
coverage and 
availability

Radar 
altimeter

Satellite
Measuring and mapping ice sheet surface topography and 
elevation (change),

Monitoring sea ice thickness

All weather, 
does not require 
sunlight, time 
series datasets

Generally less 
accurate than 
laser altimetry 
in steeper ice 
sheet margins, 
penetrates the 
surface

Scatterometer Satellite

Large scale mapping of sea ice, snow accumulation, and surface 
melt on ice sheets,

Sea ice velocity,

Large scale sea ice type classification,

Detection and tracking of large icebergs

More detailed 
spectral data 
than imaging 
radar

Lower spatial 
resolution than 
imaging radar

Gravity
GRACE 
mission 

Satellite Monitoring changes in mass balance of ice sheets Global coverage
Low spatial 
resolution
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Repeat coverage (ideally regular and systematic) by 
polar orbiting satellites is invaluable for measuring 
key ice sheet and sea ice parameters over vast 
remote regions and in detecting and monitoring 
change/variability. Important environmental factors 
affecting the use of optical sensors for EO of the polar 
ice environment are persistent cloud cover year-
round and polar darkness in winter. TIR sensors can 
‘penetrate’ polar darkness but not cloud. Active and 
passive microwave sensors are crucially important 
tools for penetrating both polar cloud and darkness. 
The choice of sensor/combination of sensors for a 
given application depends on the requisite spatial 
and temporal (as well as spectral and radiometric) 
resolutions, amongst other things, taking into account 
inherent tradeoffs that exist between the various 

19 For animation, see https://earthobservatory.nasa.gov/world-of-change/LarsenB

satellite sensor classes (see Volume 1). Airborne, 
under-ice, and on-ice sensors (see Excursus 5.1) 
provide important high resolution measurements 
in key areas of interest, and are also crucial to the 
calibration and validation of satellite data products. 
They acquire important measurements at scales 
intermediate between detailed in situ (surface) 
observations and satellite EO (Newman et al., 2019).

Below, we provide a brief summary of the main 
principles, techniques, and applications of EO relating 
to first the ice sheet and icebergs (see Section 15.3), 
then sea ice (see Section 15.4). For more detailed 
information, refer to Lubin and Massom (2006), 
Massom and Lubin (2006), Massom (2006; 2009), and 
Spreen and Kern (2016).

15.3 EO of the Antarctic Ice Sheet
Satellite (in tandem with airborne) EO is crucial 
for observing, studying, and monitoring ice sheet 
physical properties and dynamical behaviour, and 
for extending key in situ observations in space and 
time. Underwater observations (see Excursus 5.1) are 
also crucial, for example, for determining ocean and 
ice conditions, properties, and interactive processes 
under floating ice sheet margins such as ice shelves. 
Here, we provide a brief assessment of fundamental 
ice sheet quantities measured by EO.

15.3.1 Ice sheet surface morphology and 
areal change
Since the 1970s, high resolution imaging using visible 
through TIR wavelengths acquired by spaceborne 
sensors (for example, Landsat, SPOT, and ASTER) 
has been extensively used for fine (decametre) 
scale mapping and monitoring of the ice sheet 
margin and glacier surface morphology and features 
such as surface crevasse patterns (Swithinbank, 
1988). Important subtle features not detectable on 
the ground can be distinguished in such imagery 
when suitably processed and enhanced. Operating 
at a resolution of hundreds of metres to kilometre 
scale, modern wider swath, moderate resolution 
multispectral radiometers (for example, MODIS 
and VIIRS) offer more extensive coverage at high 
radiometric resolution, to reveal an immense amount 
of surface detail in aid of glaciological research.

This includes crevasse propagation over time. Such 
imagery, when cloud-free, has been composited 
to produce digital image maps of both the entire 
ice sheet surface and ice shelves and their surface 
properties, such as snow surface grain size (Scambos 
et al., 2007). These again provide a wealth of 
glaciological information as shown in Figure 15.7 (here 
at 150 m resolution). ‘Mosaic of Antarctica’ (MOA) 
maps and vector datasets with the corresponding 
coastlines, ice sheet grounding lines, and islands are 
available from the US National Snow and Ice Data 
Center (NSIDC; see Section 15.6).

The coastal ice sheet margins of Antarctica are highly 
dynamic and changeable due to glacier advance 
and retreat via the calving of icebergs from glacier 
fronts and ice shelves. Such changes are revealed 
in time series of cloud-free, moderate resolution 
NOAA AVHRR and MODIS images of Antarctic ice 
shelves, which are also available from NSIDC (see 
Section 15.6). This imagery is readily (routinely) 
available in near real time, enabling scientists to 
detect major iceberg calving events as and when they 
occur. Notable discoveries include the extraordinary 
rapid disintegration of the Larsen B Ice Shelf in early 
2002 to form a plume of thousands of icebergs19. So 
far, ice shelf retreat and collapse has been restricted 
to the Antarctic Peninsula, where significant regional 
warming has occurred.

https://earthobservatory.nasa.gov/world-of-change/LarsenB
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Satellite SAR is a particularly powerful tool in polar 
research and operations. It complements optical and 
TIR sensors by providing high resolution observations 
of microwave radar backscatter unaffected by cloud 
and darkness (see Section 9.3 and Volume 1A—Section 
15). Selected SAR wavelengths can penetrate metres 
into the upper snow/firn layer (when dry), to provide 
additional information on crevasse patterns and 
upper ice sheet and glacier structure (see Figure 9.3). 
Multiple, wide swath SAR images acquired during the 
1997 RADARSAT-1 Antarctic Mapping Project (RAMP) 
have been compiled into a high resolution radar mosaic 
of the southern continent (see Section 15.6). This 
dataset, which clearly shows the ice sheet drainage 
basins and other key morphological features, has been 
used to map the floating ice sheet margin and detect, 
determine, and monitor changes therein in comparison 
with earlier and subsequent datasets. The RAMP map 
is highly complementary to the MOA maps in that it 
provides key information on subsurface features (given 
the greater penetration of the radar signal). The MOA 
map, on the other hand, represents surface features.

Figure 15.7 Portion of Mosaic of Antarctica (MOA) map

Part of the MOA map showing patterns of deformation and 
crevassing as the ice sheet flows around the stationary 
Steershead Ice Rise near Siple Dome in the Ross Sea 
Embayment.

Source: Haran et al. (2014). Retrieved from: https://earthobservatory.nasa.
gov/features/MOA

15.3.2 Icebergs
Satellite EO using high to medium resolution visible 
to TIR imagery and/or SAR imagery is crucial to 
the detection of iceberg calving events and the 
subsequent tracking of the icebergs that calve from 
the many floating glacier tongues and ice shelves 
around Antarctica. These icebergs vary in size from 
tens of metres to many kilometres across, depending 
on the source. They are encountered all around 
Antarctica, where they either drift away from their 
calving sites in ocean currents, or become grounded 
on banks in waters shallower than ~450 m. Large 
groups of small grounded icebergs occur in certain 
near-coastal locations, where they strongly affect sea 
ice conditions up to 200–300 km offshore (Massom 
et al., 2001b; for example see Figure 15.6b). Either 
individually or en masse, icebergs can also have an 
important localised to regional effects on:

 § ocean properties and circulation (for example, 
through input of fresh meltwater); 

 § sea ice dynamics and the formation of coastal fast 
ice; and 

 § biological activity, including primary production (by 
enhancing stratification and nutrient levels in the 
upper ocean), while disrupting benthic communities 
by scouring the seafloor. 

The calving and grounding of vast icebergs (tens of 
kilometres in size) can also have serious negative 
impacts on ocean primary production, the breeding 
success of penguins, and human access to bases, 
by diminishing the size of open water areas in the 
form of recurrent coastal polynyas (e.g. Arrigo et al., 
2002). Drifting icebergs can also be a major hazard to 
shipping, and can occur far north of the sea ice edge. 

While icebergs have been studied using visible 
and TIR imagery, their systematic detection and 
tracking for both research and operational purposes 
necessitates use of active satellite microwave sensors. 
EO of the many thousands of smaller icebergs 
(< 1–10 km) requires high resolution SAR imagery. 
Typically and under cold (freezing) conditions, and 
by virtue of their relatively high backscatter, icebergs 
show up as distinctly-shaped, bright objects against 
an ocean or sea ice background. The breakup of 
icebergs at low latitudes has also been investigated 
using satellite laser altimeter (ICESat) data (Scambos 
et al., 2005).

https://earthobservatory.nasa.gov/features/MOA
https://earthobservatory.nasa.gov/features/MOA
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Larger (vast) icebergs are detectable and trackable 
in time series datasets of appropriately-processed, 
operational radar scatterometer data (Budge and 
Long, 2018). Information on the location of large 
Antarctic icebergs is given at the: 

 § US Antarctic Iceberg Tracking Database (www.scp.
byu.edu/data/iceberg); and at the 

 § US Navy/NOAA National Ice Center (https://
usicecenter.gov/Products/AntarcIcebergs). 

Regarding ice sheet mass balance, it has been 
estimated from EO that iceberg calving at present 
accounts for about half of the ice lost from the 
Antarctic Ice Sheet each year (Depoorter et al., 2013). 
This amount (proportion) may change in future.

15.3.3 Ice surface temperature
Satellite TIR imaging is the primary tool for monitoring 
change in ice surface (‘skin’) temperature (Ts) over 
large remote regions (see Figure 15.8)—provided 
cloud cover is not inhibitive and/or can be accurately 
detected and masked (see Section 14). Cloud 
masking in EO imagery is typically achieved using 
multispectral techniques based on differentiating 
the optical and thermal properties of clouds from a 
snow/ice background. This is crucial as cloud cover 
can significantly reduce areal coverage of the surface 
in daily images. For this reason, large scale maps 
of Ts are typically composites of cloud-free areas 
using multiple images acquired over several weeks to 
months (see Volume 2D). Details of the standard Ts 
algorithms for the current VIIRS sensor are given in 
Key et al. (2013).

Figure 15.8 Warming trend of Antarctica from 1957 through 2006

Map showing the continent-wide warming trend of Antarctica from 1957 through 2006 (temperature change per decade in °C), based 
on analysis of cloud-free satellite TIR imagery and weather station data. The underlying (ice sheet) surface colour is based on the 
Landsat Image Mosaic of Antarctica (LIMA) dataset (lima.usgs.gov), while the topography is from a Radarsat-1 SAR-based digital 
elevation model (https://nsidc.org/data/NSIDC-0103/versions/2/print). Sea ice extent in the Southern Ocean surrounding the 
continent is based on data from the Advanced Microwave Scanning Radiometer for EOS (AMSR-E) acquired on 14 May, 2008 (late 
austral autumn).

Adapted from: Steig et al. (2009). Retrieved from https://earthobservatory.nasa.gov/images/36736/antarctic-warming-trends

http://www.scp.byu.edu/data/iceberg
http://www.scp.byu.edu/data/iceberg
https://usicecenter.gov/Products/AntarcIcebergs
https://usicecenter.gov/Products/AntarcIcebergs
http://lima.usgs.gov
https://nsidc.org/data/NSIDC-0103/versions/2/print
https://earthobservatory.nasa.gov/images/36736/antarctic-warming-trends
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15.3.4 Surface melt
Closely related to ice sheet surface temperature is 
surface melt. Melting not only reduces the ice sheet 
mass, but may in certain areas accelerate ice flow 
(by meltwater percolating downwards to lubricate 
the ice sheet base). Pressure from percolating 
surface meltwater can also enlarge crevasses by a 
process known as hydrofracture, to reduce ice shelf 
mechanical integrity (Scambos et al., 2003). Extensive 
surface ponding was detected and mapped on the 
Larsen B Ice Shelf prior to its disintegration in 2002 
using 250 m resolution MODIS optical imagery. 
In other regions, meltwater flows across ice shelf 
surfaces in river systems which drain into the sea 
(Bell et al., 2017), to locally affect ocean properties 
(the magnitude of this effect is currently not known). 
Ocean freshening from increased ice sheet melt may 
also lead to enhanced sea ice formation, by increasing 
stratification of the upper ocean and decreasing 
upward heat entrainment (Bintanja et al., 2013). For 
these reasons, it is important to not only detect but 
also monitor surface melt, to determine whether it 
is changing. Estimation of the magnitude of melt 
requires coincident surface observations. 

Satellite passive microwave radiometry is the primary 
tool for detecting, mapping, and monitoring the 
areal extent of large scale (ice sheet-wide) surface 
melt, its timings of onset and cessation, and its 
resultant duration (Liu et al., 2006). This is based 
on the changes in the surface microwave emission 
characteristics that are observed in microwave 
brightness temperature observations when snow 
melts. These date back to 1979 with SMMR then 
SSM/I. By this method, surface melt patterns can 
be observed on a daily basis. Annual assessments 
of Antarctica-wide seasonal melt extent, timings of 
melt onset and cessation, and resultant duration are 
provided in annual NOAA BAMS State of the Climate 
Reports (https://www.ncei.noaa.gov/bams-state-of-
climate). 

Higher resolution, active microwave detection and 
mapping of surface melt at large scale is also possible 
using satellite SAR (for example, Luckman et al., 2014) 
and spaceborne radar scatterometry (for example, 
the SeaWinds scatterometer flown on QuikSCAT at 
5 km resolution (1999–2009) and the MetOp ASCAT 
at 4.45 km resolution. Such techniques have, for 
example, revealed change in surface melt duration on 
Larsen C Ice Shelf (Bevan et al., 2018). 

15.3.5 Ice sheet velocity
Two main methods are used to measure the surface 
velocity of Antarctica’s glaciers and ice streams. 
The first involves the tracking (by maximum cross-
correlation) of surface features in repeat-pass and 
high resolution optical imagery (e.g. Scambos et al., 
1992) and SAR imagery (e.g. Giles et al., 2009). The 
NASA-funded Global Land Ice Velocity Extraction 
from Landsat (GoLIVE) project provides near real 
time ice velocity data derived from Landsat-8 
panchromatic imagery (https://nsidc.org/support/how/
golive-map-application-user-guide; see Figure 15.9; 
Fahnestock et al., 2016). Similarly, the Centre for 
Polar Observation and Modelling Data Portal (http://
www.cpom.ucl.ac.uk/csopr/iv/index.html) provides 
frequently updated maps of ice surface velocity in 
near real time derived from Sentinel-1 SAR imagery, 
for two key West Antarctic outlet glaciers that are 
undergoing loss (Pine Island and Thwaites).

The second technique, namely SAR interferometry or 
InSAR (see Section 9.4 and Volume 1B—Section 8), 
is particularly powerful in that it can measure 
ice velocity and strain rate (velocity gradient) to 
centimetre accuracy (Goldstein et al., 1993; Rignot 
et al., 2011). This is based on detecting the phase 
difference between two (or more) different SAR 
scenes of the same area but from slightly different 
viewing angles or orbital positions, and acquired at 
different times (see Massom and Lubin, 2006; see 
Figure 9.7). Figure 15.1 depicts a map of InSAR-derived 
mean annual velocity of the Antarctic Ice Sheet and 
ice shelves, and clearly shows the approximately 30 
principal flow units involved in draining grounded 
ice across the grounding line and into the ocean 
(Shepherd et al., 2018).

Taken together, these two methods (feature 
tracking and InSAR) have not only revolutionised 
our understanding and quantification of patterns of 
discharge and their change in key individual glaciers/
ice streams. They have also led to systematic repeat 
surveys of Antarctica-wide ice velocity, revealing that 
the rate of ice discharge has generally increased over 
the satellite era (for example, Rignot et al., 2008). 
Satellite velocity observations show that there was 
a marked speed-up in grounded ice via tributary 
glaciers immediately following the rapid disintegration 
of the Larsen B Ice Shelf in 2002, related to removal 
of the ice shelf buttressing effect (Rignot et al., 2004; 
Scambos et al., 2004). While ice shelf disintegration/
areal loss (or thinning) does not directly contribute to 
SLR, as the ice area affected is already floating, there 
is a strong indirect effect. 

https://www.ncei.noaa.gov/bams-state-of-climate
https://www.ncei.noaa.gov/bams-state-of-climate
https://nsidc.org/support/how/golive-map-application-user-guide
https://nsidc.org/support/how/golive-map-application-user-guide
http://www.cpom.ucl.ac.uk/csopr/iv/index.html
http://www.cpom.ucl.ac.uk/csopr/iv/index.html


Earth Observation: Data, Processing and Applications. Volume 3: Applications

294

Figure 15.9 Byrd Glacier velocity

Image showing the Landsat-derived velocity of the relatively fast moving Byrd Glacier (~2.4 m per day, orange and red) and the 
slower and narrower Mulock Glacier (pale blue), which exit the Transantarctic Mountains and flow into the Ross Ice Shelf.

Source: NASA/GoLIVE. Retrieved from https://nsidc.org/data/nsidc-0710/versions/1/documentation

15.3.6 Surface elevation
Spaceborne altimeters (both radar and laser) measure 
surface elevation at high resolution by transmitting a 
signal toward the surface and accurately measuring 
the time interval of its return (see Section 9.5), and are 
a powerful tool for ice sheet observation (see Rémy 
and Parouty, 2009, for a review; see also Volume 1A—
Section 16). Since their advent in 1992, modern radar 
altimeters (for example, on ERS, Envisat, CryoSat-2 
and Sentinel-3 missions) have been important 
day/night and all-weather tools for the routine 
measurement of ice sheet elevation and its change 
over time (to within tens of centimetres), resolving 
both detailed patterns in individual catchment areas 
and large scale, Antarctica-wide change (for example, 
Pritchard et al., 2009; Gourmelen et al., 2017). Such 
information is crucial to the assessment of change 
in ice sheet volume and to help monitor Antarctica’s 
contribution to SLR (see Section 15.3.7). 

The multi-decadal records have shown that while the 
surface elevation of most of Antarctica has changed 
little over the past 25 years, this is not the case in 
many coastal sectors. There, the altimeter record has 
revealed receding surface height thinning (at rates of 
up to metres per year) on some of Antarctica’s fastest-
flowing glaciers, notably the Pine Island (a major 
contributor to recent SLR) and Thwaites glaciers in 
the west (McMillan et al., 2014) and Totten Glacier 
in the east. This has been attributed to ice shelf 
thinning (as shown in Figure 15.10) due to basal melt 
by a warming ocean and associated increases in ice 
velocity. Of major concern is the possibility of rapid 
inland retreat of the grounding line in such regions, 
leading to increased ice sheet instability (see Joughin 
et al., 2014; Alley et al., 2015).

https://nsidc.org/data/nsidc-0710/versions/1/documentation
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Figure 15.10 Antarctic ice shelf thickness changes

Change in Antarctic ice shelf thickness from 1994 to 2012 based on analysis of satellite radar altimeter data. For a description of the 
ice shelves annotated here, please refer to Paolo et al. (2015).

Adapted from Paolo et al. (2015) Figure 1 

Spaceborne altimeters have revolutionized our 
understanding of the shape and topographic detail 
of the Antarctic Ice Sheet, with which to constrain 
ice dynamics, mass balance estimates (see Section 
15.3.7), and models of the ice sheet that are crucial 
to predicting its likely response to future climatic 
conditions and contribution to SLR. As an example, a 
new digital elevation model (DEM) map of Antarctica 
based on CryoSat-2 altimeter data (Slater et al., 2017) 
provides the most detailed and accurate three-
dimensional view of the full continent to date (see 
Figure 15.11). Comparison with precise airborne survey 
data from NASA’s Operation IceBridge shows that 
the new DEM depicts ice elevation to within 9.5 m on 
average. The model is freely available from the Centre 
for Polar Observation and Modelling (CPOM) Data 
Portal (see Section 15.6). Satellite altimetry is also 
used to map Antarctic sub-glacial lakes and monitor 
their activity (Siegfried and Fricker, 2018).

Latterly, spaceborne lidar instruments on ICESat 
(2003–2009) and ICESat-2 (2018+) have provided 
a more precise means of measuring and monitoring 
patterns of ice sheet elevation change than radar 
altimeters (e.g. Smith et al., 2020). This is based upon 
the relatively small surface illumination area of lasers, 
which operates better over steeper, craggy Antarctic 
coastal regions (Markus et al., 2017). The laser return 
signal also emanates from the surface, whereas 
radar altimeters can penetrate some depth into the 
ice sheet surface, depending on both wavelength/
frequency and snow/ice conditions (see Figure 9.3). 
This factor needs to be accounted for in radar-derived 
estimates of surface elevation change/variability. 
Being based on an optical instrument, the main 
disadvantage of laser altimeters is their inability to 
penetrate cloud cover.

http://www.cpom.ucl.ac.uk/csopr/icesheets2/dems.html?ais_subject=dem&user_type=normal
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Figure 15.11 DEM of the Antarctic Ice Sheet

This state-of-the-art DEM of the Antarctic Ice Sheet was derived from six years of CryoSat-2 radar altimeter data, with a sampling 
of the ice sheet surface every kilometre. Gaps that CryoSat could not survey, mostly due to the rugged terrain, are filled in by 
sophisticated interpolation techniques.

Source: CPOM. Retrieved from: http://www.cpom.ucl.ac.uk/csopr/icesheets2/dems.php?ais_subject=dem&user_type=normal

15.3.7 Ice sheet mass balance
Taken together, accurate and sustained EO 
measurements of changes in ice sheet speed (notably 
the discharge rate of grounded ice) and surface 
elevation are (together with ice sheet weight) crucial 
to the estimation and monitoring of ice sheet mass 
balance—and therefore the ice sheet stability and 
contribution to SLR.

There are three main methods for measuring and 
monitoring ice sheet mass changes, all of which are 
heavily reliant on EO (ACE CRC, 2018; NSIDC, 2019a). 
These are the:

 § Volume (elevation) change or geodetic method—
scale monitoring of change in ice surface elevation 
over time by satellite altimeters (using data 
available since the early 1990s) has enabled 
quantitative estimation of the growth or reduction 
of overall ice volume (e.g. Smith et al., 2020). 

 § Mass budget technique—compares estimates of 
snow accumulation (input) with ice losses (output) 
via seaward discharge across flux gates at the 
ice sheet margins and close to grounding lines 

from measured ice outflow velocity and thickness 
change/melt. Major advances in the mapping 
of glacier ice flow using repeat Landsat optical 
images (Gardner et al., 2018) and InSAR methods 
(Mouginot et al., 2014) have greatly facilitated this 
approach, which still however requires independent 
information on snow accumulation (currently not 
well constrained) and an accurate cross-section of 
each outflowing glacier across its grounding line.

 § Gravimetric approach—direct ‘weighing’ of the ice 
sheet using satellite measurements of gravitational 
pull as the sensors pass over the ice, that is, 
detecting changes in the Earth’s gravity field over 
the ice sheet relating to change in ice mass over 
time due to either accumulation or loss. Key to 
this was the launch of NASA’s Gravity Recovery 
and Climate Experiment (GRACE) mission in 2003 
(see Excursus 5.1). This provided a new means of 
resolving where the Antarctic Ice Sheet has lost 
mass, pointing the finger mainly at West Antarctica 
(Velicogna and Wahr, 2006; Rignot et al., 2011). 

http://www.cpom.ucl.ac.uk/csopr/icesheets2/dems.php?ais_subject=dem&user_type=normal
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Although different, the three methods are 
complementary and in fact produce similar results at the 
continental scale—enabling synthesis of the multiple 
EO-based estimates of ice sheet mass balance. This has 
revealed that, from 1992 to 2017, Antarctica lost > 2,700 
billion tonnes of ice—equivalent to a SLR of 7.6±3.9 mm—
with about half of this loss coming since 2012 and 

20 Reflectance is the ratio of the intensity of radiation reflected by a target surface to that of the radiation incident upon it.
21 Emissivity is the ratio of radiation naturally emitted by a natural surface to that emitted by a blackbody (perfect radiator) at the same kinetic temperature.
22 Polarisation describes the direction of orientation in which the electrical field vector of electromagnetic radiation vibrates, and is a key consideration in active 

and passive microwave EO of sea ice (Long, 2008).

mainly from the Antarctic Peninsula and Amundsen Sea 
sectors (IMBIE Team, 2018). The accelerating mass loss 
is considered to be largely a response to the thinning 
of ice shelves due to their contact with warming ocean 
waters (Pritchard et al., 2012) and, in the case of the 
Peninsula, rapid wholesale disintegrations of the 
Larsen A and B ice shelves.

15.4 EO of Sea Ice
Compared to the ice sheet, sea ice represents a more 
complex, dynamic, and challenging target for EO. 
It can, however, be readily detected and measured 
from space by virtue of its distinctive optical and 
microwave properties compared to open ocean. These 
are the:

 § high reflectance20 (brightness) of sea ice and snow 
at optical wavelengths compared to open ocean;

 § thermal contrast at TIR wavelengths—the ice/
snow surface is generally colder than the non ice-
covered ocean, which has a surface temperature 
approximating -1.8°C during freezing seasons;

 § contrast in the passive microwave emissivities21 of 
sea ice and ice-free (open) ocean, depending on 
wavelength/frequency and polarisation22; and

 § contrast in the microwave (radar) backscatter 
of sea ice versus open ocean—with sea ice 
generally being a brighter target, and backscatter 
depending on the ice thickness, age, and degree of 
deformation/roughness. 

Fundamentally important characteristics of sea 
ice that can be measured from space are its areal 
extent and seasonality, concentration, motion and 
dynamics/deformation, temperature, albedo, and 
(potentially) thickness (also snow cover thickness; 
see Excursus 15.1). Regular, repeated and sustained 
basin-scale observations of these parameters are 
required to: 

 § understand the large scale dynamic and 
thermodynamic evolution of the ice cover on 
seasonal and interannual scales, and change and 
variability therein; 

 § detect long term trends in sea ice coverage and 
properties, including thickness and volume; and 

 § support safe shipping operations in the high-
latitude Southern Ocean. 

Taken together, sea ice concentration, thickness 
distribution and motion are required to determine its 
mass balance. In the following subsections, we give 
brief information on key sea ice variables that can be 
measured and monitored by EO. Massom (2009) and 
Lubin and Massom (2006) provide further information 
on error sources, and also on the:

 § basic concepts and principles around EO of sea ice; 

 § applications, strengths, and weaknesses of the 
different sensor classes for polar ocean research 
and monitoring; and 

 § key tradeoffs between them. 

Massom (2009) also highlights and discusses key 
differences between Antarctic and Arctic sea ice 
as EO targets. This requires different algorithms 
for extracting key variables from EOS data for each 
polar region. 

15.4.1 Sea ice concentration, extent, and 
seasonality, and their variability
Spaceborne, wide swath, optical sensors operating 
at moderate spatial resolution (0.25–1 km; such as 
MODIS and VIIRS) provide observations of albedo, 
temperature, and radiative fluxes, and have also been 
used to derive estimates of thin-ice thickness in 
coastal polynyas, as well as the interaction of sea ice 
with ice sheet margins and icebergs. They can also 
provide information on extent, concentration, and 
type, based upon the:

 § contrasting temperature and albedo of sea ice 
versus open ocean; and the

 § variation of albedo with ice thickness (until the ice 
becomes snow-covered). 
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However, persistent cloud cover is an issue (as is 
polar darkness for optical EO), and cloud masking can 
be challenging over snow and ice surfaces given their 
similar optical and thermal properties. For this reason 
and although it plays a key role in support of shipping 
and operations due to its ready availability, satellite 
optical and TIR EO is not the primary source of ice 
concentration information for monitoring and research 
purposes. This is more the realm of active and passive 
microwave EO, which are (largely) unaffected by 
atmospheric conditions and darkness (see Section 9 
and Volume 1A—Section 14). 

Satellite-borne, passive microwave sensors (e.g. 
SMMR, SSM/I, AMSR-E, SSMIS) have provided 
the most reliable and consistent near real time 
information on the concentration and extent of the 
entire Antarctic sea ice cover on a daily/near-daily 
basis since 1978 and at mapped spatial resolutions 
ranging from 6.25 km to 25 km. This is based upon 
the strong frequency-dependent contrast in the 
microwave emissivities of sea ice and open ocean. 
Extent is generally defined as the integral sum of all 
observations with ice concentrations > 15%, while 
area is the product of ice concentration and extent. A 
range of sea ice data (including mapped brightness 
temperatures and derived sea ice concentration) 
is available from the Scientific Data Search facility 
managed by the NSIDC (NSIDC, 2019b).

The time series of passive microwave data has been 
crucial to monitoring change and variability in global 
sea ice coverage and seasonality (see Figure 15.12). 
In stark contrast to the Arctic, where sea ice has 
spiralled since the 1970s, overall Antarctic coverage 
has paradoxically displayed a slightly increasing trend 
over the same period (Turner and Comiso, 2017)—of 
about 1.0±0.5% per decade for 1979–2018 (Parkinson, 
2019). In fact, the slight net increase masks strong and 
contrasting regional contributions, notably a decrease 
in the Amundsen-Bellingshausen seas sector of 
–2.5±1.2% per decade for 1979–2018 and increases 
of up to +2.3±1.2% per decade in other sectors 
(Parkinson, 2019). Overall and regional trends also 
show a marked seasonal dependence (Holland, 2014). 
Moreover, recent years have seen extreme variability, 
with record maxima in three successive winters 
(2012, 2013, and 2014; Reid and Massom, 2015) being 
followed by a record summer minimum in 2017, with 
below-average overall (net) extent continuing until 
early 2020 (Reid et al., 2021). 

Figure 15.12 Extent of Arctic versus Antarctic sea ice

Plot of the overall extents of Arctic (red) and Antarctic (blue) sea ice for the period January 1979 to December 2019, with the thick 
lines showing 12-month running means and thin lines showing monthly anomalies. Total area is estimated from satellite image pixels 
with sea ice concentration of at least 15%. Antarctic sea ice reached a record high in 2014 before decreasing dramatically. The Arctic 
Ocean’s coverage of summertime sea ice has shrunk by about 13% per decade.

Source: BoM (2021). Retrieved from http://www.bom.gov.au/state-of-the-climate/cryosphere.shtml

http://www.bom.gov.au/state-of-the-climate/cryosphere.shtml
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This time series has also revealed strong regional 
trends in the seasonality (timings of annual advance 
and retreat and resultant duration) of sea ice 
coverage around Antarctica (Stammerjohn et al., 
2012) that largely reflect the sea ice concentration 
and extent patterns (Turner et al., 2015). Duration 
is defined here as the length of time, during each 
annual Antarctic sea ice cycle (February to February), 
that a pixel contains sea ice with a concentration 
of ≥ 15%. West of the Antarctic Peninsula and in the 
northwestern Weddell Sea, for the period 1979/80 to 
2016/17, annual sea ice duration decreased by about 
3 months due to a 2-month-later advance and an 
approximately 1-month-earlier retreat (Stammerjohn 
and Maksym, 2016). These changes have had impacts 
on the marine ecosystem, notably on phytoplankton 
and penguin communities (Massom and Stammerjohn, 
2010), and have also been implicated in the timing and 
nature of breakup events of the Larsen A and B and 
Wilkins ice shelves (Massom et al., 2018). In contrast 
and in the western Ross Sea, the annual sea ice 
season has lengthened substantially—by about three 
months over 1979/80 to 2016/17 (Stammerjohn et al., 
2012). Patterns of change in sea ice advance, retreat, 
and duration elsewhere are complex, for example, 
across East Antarctica (Massom et al., 2013). 

Although a number of mechanisms have been 
proposed to explain these changing and/or varying 
patterns of Antarctic sea ice coverage around 
Antarctica—including changes in winds, ocean 
variability, and freshwater input from precipitation 
and ice shelf melt—considerable uncertainty remains 
(Hobbs et al., 2016). Indeed, understanding the nature 
of sea ice change and variability, and the relevant 
drivers and impacts, is a high priority in climate 
research (see NAS, 2017).

Systematic, consistent observations of the marine 
cryosphere are critical for the operational community, 
whose primary task is to reduce shipping hazards 
related to iceberg and sea ice tracking. Operational 
ice services make extensive use of satellite passive 
microwave ice concentration data (from the DMSP 

SSM/I and EOS Aqua AMSR-E), ice extent and type 
data from optical-TIR imagery (e.g. VIIRS and EOS 
MODIS), SAR, and radar scatterometer data.

Satellite-based annual assessments of Antarctic 
sea ice concentration, extent, and seasonality are 
provided in annual NOAA BAMS State of the Climate 
Reports (https://www.ncei.noaa.gov/bams-state-of-
climate).

15.4.2 Coastal landfast sea ice (fast ice) 
distribution
The mapping and monitoring of fast ice from space 
represents more of a challenge, given that it forms a 
relatively narrow zone immediately adjacent to the 
Antarctic coast. This issue has been successfully 
addressed through use of wide swath MODIS optical 
imagery, to produce time series maps of fast ice 
across East Antarctica (from 20°E to 160°E) at 2 km 
resolution (Fraser et al., 2012; see Figure 15.13). Cloud 
cover is removed by first applying NASA’s standard 
cloud masking algorithm, then compositing 20 days 
of imagery to fill in resultant data gaps. In this way, a 
time series of 20-day composites has been produced 
for 2000–2009. These show an upturn in coastal fast 
ice overall, although the shortness of the time series 
negates trend analysis. Recent extension of the fast 
ice extent time series to include circumpolar imagery 
from 2000 to 2018 (Fraser et al., 2020) indicates a 
marginally significant decrease in overall (circum-
Antarctic) fast ice extent of approximately –2.0±1.8% 
per decade.

Another technique uses maximum cross-correlation 
of satellite SAR image pairs separated by 1–3 days 
to provide more detailed maps (at higher spatial and 
temporal resolution) to detect and map coastal fast 
ice (Li et al., 2018), by virtue of its stationary nature 
compared to pack ice. By this method, sea ice that is 
not moving is classified as fast ice. Coarser resolution 
mapping is obtained from passive microwave data 
based on a relationship between horizontally and 
vertically polarised AMSR-E brightness temperatures 
at 89 GHz (Nihashi and Ohshima, 2015).

Figure 15.13 Fast ice coverage and persistence

MODIS-derived map of coastal fast ice coverage and persistence in East Antarctica averaged over an 8.8 year period (March 2000 
to December 2008), at a spatial resolution of 2 km.  

Source: Fraser et al. (2012) Figure 2a

https://www.ncei.noaa.gov/bams-state-of-climate
https://www.ncei.noaa.gov/bams-state-of-climate
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15.4.3 Sea ice motion and dynamics
Identifying and understanding the changes in 
Antarctic sea ice drift over short to broad time scales 
is of considerable importance, given the contribution 
of ice dynamics to ice concentration and extent, 
seasonality (duration) of coverage, ice deformation 
and thickening, enhanced ice production and 
heat loss in open water, and therefore the climate 
system. Moreover, deformation processes related to 
differential ice motion significantly impact safe and 
efficient shipping operations around Antarctica.

Tracking of sea ice motion and dynamics is 
achieved both at low resolution (using visible–TIR 
radiometers, passive microwave radiometers, and 
radar scatterometers) and at high resolution (using 
SAR imagery), the latter typically in smaller regions 
of interest. In all cases, the technique is based upon 
identification and tracking of persistent features/
floes within the sea ice field in time sequences 
of overlapping/repeat images, generally through 
maximum cross-correlation. 

Figure 15.14 Mean monthly (March through November) ice drift for 1982-2015.

Contours are isobars (interval: 4 hPa) from ERA-Interim sea level pressure fields. Drift estimates are shown on a 200 km grid to 
reduce density of vectors within each plot; every other vector is displayed. Red crosses show the centres of three atmospheric lows 
in the monthly mean fields. Colour spectrum for motion ranges from 0 km/day (blue) to 10 km/day (red).

Source: Kwok et al. (2017) Figure 226-3243-1. Used with permission.
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Moderate resolution, ice drift fields derived from 
satellite passive microwave brightness temperature 
data (37 GHz and 85 GHz/91 GHz, the latter since 
2009) have enabled assessment of large scale drift 
patterns in Antarctic sea ice over recent decades 
(Kwok et al., 2017). Although the coarse resolution 
of the data used leads to uncertainties of several 
kilometres for individual displacement vectors, this 
dataset is long and offers complete circumpolar 
coverage on a daily/near-daily basis by the SMMR, 
SSM/I and AMSR-E instruments (uninterrupted by 
cloud and darkness). The climatological pattern 
of mean sea ice drift around Antarctica is shown 
in Figure 15.1. It depicts a strong outer zonal band 
of eastward drifting sea ice at maximum annual 
extent within the Antarctic Circumpolar Current 
that is maintained by strong circumpolar westerly 
winds, and large scale gyres in the Ross and Weddell 
seas. Around the coastal margin, sea ice drifts 
predominantly westwards under the influence of 
strong prevailing easterly winds and within the 
Antarctic Coastal Current. 

The time series of satellite passive microwave data 
has given great insight into patterns of sea ice 
drift and their variability and change in response 
to changing wind forcing. Indeed, it has revealed 
substantial regional change in patterns of sea ice 
drift around Antarctica in recent decades (see 
Figure 15.14). Notably, sea ice drift speed has 
decreased in the western Weddell Sea in recent 
decades, in contrast to the eastern Weddell and 
Ross seas where it has increased (Holland and 
Kwok, 2012; Kwok et al., 2017). These large and 
statistically significant changes have been linked 
to observed changes in surface wind speed and 
direction associated with change in large scale modes 
of climate variability, such as the Southern Annular 
Mode, and a persistent low pressure anomaly in the 
Amundsen Sea known as the Amundsen Sea Low 
(Turner et al., 2016).

Improved sea ice motion products are required, and 
these are potentially obtainable from the merging 
of results from passive microwave radiometry, radar 
scatterometry, and drifting ice buoys, for optimal 
spatial coverage. While the coarser resolution time 
series are best suited to analyses of large scale sea 
ice drift patterns, more detailed characterisation of 
daily and sub-daily ice motion requires use of high 
resolution SAR and satellite-interrogated buoy data. 
This, in turn, requires more frequent and extensive 
(regular and systematic) SAR coverage of the 
Antarctic sea ice zone.

15.4.4 Sea ice and snow cover thickness
Satellite EO using laser (lidar) and radar altimeters 
dating back to 1991 (ERS-1), such as those onboard 
ICESat-1 and -2 and CryoSat-2 respectively, is crucial 
to the routine large scale estimation and monitoring of 
Antarctic sea ice thickness and volume. This is based 
on the accurate measurement of the elevation above 
sea level of either the:

 § ice surface (for radar altimeters); or 

 § ice plus snow surface (for laser altimeters). 

Derivation of ice thickness from these datasets is 
based on the hydrostatic relationship (Archimedes 
Principle) between the above- and below-sea level 
proportions of the ice cover, requiring accurate 
knowledge of the snow thickness, and the densities of 
both ice and snow. The following equations are used 
to determine sea ice thickness (hi; Kwok, 2010): 

where ri , rs , and rw are the densities of sea ice, snow, 
and seawater respectively. The key observables 
from laser altimeter/lidar and radar altimeter differ 
(and are highlighted in bold in the equations above). 
For laser, hf is the total freeboard of both ice and 
snow (where present) above local sea level, that is, 
assuming that the laser does not penetrate the snow 
(see Volume 1A—Section 15.1). For radar altimetry, on 
the other hand, the measured return is assumed to be 
from the ice surface (see Section 9.5 and Volume 1A—
Section 16). Due to the penetration of the radar wave 
into the snow volume, its return is assumed to be from 
the sea ice surface and the measured variable hfi is 
the freeboard of the ice only.

Although promising results have emerged from 
satellite altimetry, a number of challenges remain 
that need to be addressed in order to obtain accurate 
retrievals of circum-Antarctic sea ice thickness. 
Lack of information on snow depth and density and 
their variability/evolution introduces considerable 
uncertainty into estimates of total ice thickness 
derived from freeboard observations by satellite 
altimeters. This underlines the need for dedicated 
validation experiments, using both airborne and 
autonomous underwater vehicles (AUV; see 
Excursus 5.1). Such field campaigns are required 
to identify and quantify errors associated with the 
conversion of sea ice freeboard to ice thickness. A 
further obstacle is the complex relationship between 
ice elevation and thickness around Antarctica 
(compared to the Arctic). The presence of significant 
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areas of seawater flooding at the ice surface affects 
the density of the overlying snow that is used to 
compute ice thickness from snow elevation, and 
also the penetration of the signal for radar altimetry. 
For radar altimetry, the assumption that the return 
emanates from the snow-ice interface is not always 
valid (Giles et al., 2008b). An additional critical gap is 
large scale information about snow depth on sea ice 
(Webster et al., 2018).

As a result of these factors, our current knowledge of 
Antarctic sea ice thickness and snow cover thickness 
is currently limited to compilations of:

 § various in situ and near-surface remote sensing 
observations (Worby et al., 2008; Kwok and 
Maksym, 2014) that are characterised by large 
spatiotemporal gaps and may be biased towards 
thinner ice (Maksym et al., 2012); and

 § satellite altimeter data that are limited to certain 
sectors or short time periods (such as Kurtz and 
Markus, 2012). 

As a result, there is inadequate information to 
determine whether large scale sea ice thickness 
and volume are changing around Antarctica (Fox-
Kemper et al., in press), although large scale estimates 
of Antarctic sea ice and snow cover thickness are 
emerging (e.g. Kacimi and Kwok, 2020). By contrast 
and in the Arctic, a combination of extensive satellite 
altimeter and submarine sonar data has shown a 
substantial thinning of the ice cover there, which is 
consistent with the loss of perennial ice (Kwok and 
Rothrock, 2009). 

15.5 Outlook: Future Opportunities and Needs
Major advances in EO have, in recent decades, led to 
quantum leaps in our understanding of the Antarctic 
cryosphere, and change and variability therein. 
Certain key challenges and opportunities remain, 
however, notably around ensuring continuation of 
key sensor time series, and adequate data acquisition 
across the Antarctic Ice Sheet and sea ice cover 
(Pope et al., 2017).

Of pressing concern is that the Antarctic Ice Sheet is 
losing ice mass and contributing to global SLR at an 
accelerating rate (IMBIE Team, 2018). This highlights 
the critical need to identify and accurately quantify 
the nature and drivers of the recent change, including 
ice shelf thinning, weakening, and collapse. This is in 
turn crucial to reducing current large uncertainties 
in model predictions of the likely future fate of the 
ice sheet and its contribution to SLR in response 
to climate change. An important factor is the need 
for satellite observations with improved temporal 
and spatial sampling to more fully understand the 
processes driving contemporary patterns of ice sheet 
imbalance (Shepherd et al., 2018). 

The accurate synoptic-scale measurement and 
monitoring of Antarctic sea ice thickness (and overall 
volume) and snow cover from space also remains a 
challenge, yet a high priority. New improved estimates 
may be possible using dual-frequency radar altimeter 
sensors and by combining coincident measurements 
from laser and radar altimeters (Kacimi and Kwok, 
2020). There is also a pressing need for coordinated 
and sustained near-surface observations of the 
sea ice system—as proposed by the Southern 
Ocean Observing System (SOOS; Newman et al., 
2019). These other data sources include sea ice 
and snow cover measurements from ships (using 

electromagnetic induction technology) and snow 
thickness estimates from airborne snow-thickness 
radars, such as the NASA IceBridge Mission (NASA, 
2019; see Section 15.6). Autonomous airborne and 
underwater vehicles and sensors (see Excursus 5.1) 
also have a key role to play, not least in the calibration 
and validation of satellite-derived thickness estimates, 
and in bridging the scale gap between detailed in 
situ observations (on the floe scale) and large scale 
satellite measurements (Newman et al., 2019).

By the same token, our understanding of the coupled 
atmospheric and oceanic drivers of observed sea 
ice and Southern Ocean change and variability, and 
the complex interactions and feedbacks involved, 
remains incomplete (Hobbs et al., 2016; NAS, 2017). 
This in turn severely limits our ability to confidently 
and accurately predict the trajectory of future sea ice 
change and its impacts. Addressing this critical gap 
involves EO in conjunction with dedicated surface 
experiments (including process studies) and model 
improvements. Also crucial is improved information on 
snow precipitation rates, properties, and thickness as 
they affect sea ice formation and melt, and how these 
may be changing (Webster et al., 2018).

As a final comment, field research observations 
themselves are crucial for satellite validation 
purposes in general (and to provide information 
on key parameters that cannot be measured from 
space). This requires a standardised methodology to 
ensure consistent acquisition of data in forms that are 
optimal for the calibration and validation of satellite 
data algorithms, specific to the geophysical quantities 
in question.
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15.6 Further Information

Antarctica

General information:

https://www.antarctica.gov.au/about-antarctica/ice-and-
atmosphere/ice-sheet/

https://www.antarctica.gov.au/about-antarctica/ice-and-
atmosphere/sea-ice/

https://www.ga.gov.au/scientific-topics/marine/
antarctica

Antarctic Climate and Ecosystems CRC: https://stors.
tas.gov.au/802018

SOE (2017) State of Environment Report 2016. 
Antarctic Environment: https://soe.environment.gov.
au/theme/antarctic-environment

Annual assessments of change and variability in the 
Antarctic ice sheet, sea ice, Southern Ocean and 
atmosphere, including seasonal changes in melt 
extent and timing, are given in annual NOAA BAMS 
State of the Climate Reports: https://www.ncei.noaa.
gov/bams-state-of-climate

Maps and Images:

Mosaic of Antarctica (MOA) maps and vector 
datasets with the corresponding coastlines, ice 
sheet grounding lines and islands are available at: 
https://nsidc.org/data/NSIDC-0730/versions/1

Landsat Image Mosaic of Antarctica (LIMA) dataset: 
lima.usgs.gov

Time series of NOAA AVHRR and MODIS images of 
Antarctic ice shelves are available at: https://nsidc.
org/data/iceshelves_images/

Multiple, wide swath SAR imagery acquired during 
the 1997 RADARSAT-1 Antarctic Mapping Project 
(RAMP) have been compiled into a high resolution 
radar mosaic of the southern continent: https://
nsidc.org/data/NSIDC-0103/versions/2/print

A new DEM model is freely available from the Centre 
for Polar Observation and Modelling Data Portal 
(CPOM) at: http://www.cpom.ucl.ac.uk/csopr/
icesheets2/dems.php?ais_subject=dem&user_type=

Ice sheets
ACE CRC (2017) 

NSIDC (2019a)

US Antarctic Iceberg Tracking Database: www.scp.byu.
edu/data/iceberg

US Navy/NOAA National Ice Center: https://
usicecenter.gov/Products/AntarcIcebergs

Global Land Ice Velocity Extraction from Landsat 
(GoLIVE) project provides near real time, ice 
velocity data derived from Landsat-8 panchromatic 
imagery: https://nsidc.org/data/nsidc-0710/
versions/1/documentation 

Centre for Polar Observation and Modelling Data 
Portal provides frequently-updated maps of ice-
surface velocity in near real time derived from 
Sentinel-1 SAR imagery: http://www.cpom.ucl.ac.uk/
csopr/iv/index.html

Sea Ice
Thomas (2017) 

Weeks (2010)

Sea ice type is classified (named) and categorised 
depending on its thickness (related to age/
stage of development), and based on established 
international protocol. For a glossary and image 
library of sea ice terms, see: http://aspect.antarctica.
gov.au/home/glossary-and-image-library

A range of sea ice data (including brightness 
temperatures and derived sea ice concentration) 
are available from the Scientific Data Search 
service of the  US National Snow and Ice 
Data Center (NSIDC): https://nsidc.org/data/
search/#keywords=sea+ice/sortKeys=score,,desc/
facetFilters=%257B%257D/pageNumber=1/
itemsPerPage=25

Alfred-Wegener-Institut (AWI): https://www.awi.de/en/
focus/sea-ice.html

NASA Earth Observatory:  
https://earthobservatory.nasa.gov/Features/SeaIce/
page1.php 
https://earthobservatory.nasa.gov/Features/SeaIce/
page4.php

National Snow and Ice Data Centre (NSIDC): https://
nsidc.org/cryosphere/seaice/characteristics/
polynyas.html

https://www.antarctica.gov.au/about-antarctica/ice-and-atmosphere/ice-sheet/
https://www.antarctica.gov.au/about-antarctica/ice-and-atmosphere/ice-sheet/
https://www.antarctica.gov.au/about-antarctica/ice-and-atmosphere/sea-ice/
https://www.antarctica.gov.au/about-antarctica/ice-and-atmosphere/sea-ice/
https://www.ga.gov.au/scientific-topics/marine/antarctica
https://www.ga.gov.au/scientific-topics/marine/antarctica
https://stors.tas.gov.au/802018
https://stors.tas.gov.au/802018
https://soe.environment.gov.au/theme/antarctic-environment
https://soe.environment.gov.au/theme/antarctic-environment
https://www.ncei.noaa.gov/bams-state-of-climate
https://www.ncei.noaa.gov/bams-state-of-climate
https://nsidc.org/data/NSIDC-0730/versions/1
http://lima.usgs.gov
https://nsidc.org/data/iceshelves_images/
https://nsidc.org/data/iceshelves_images/
https://nsidc.org/data/NSIDC-0103/versions/2/print
https://nsidc.org/data/NSIDC-0103/versions/2/print
http://www.cpom.ucl.ac.uk/csopr/icesheets2/dems.php?ais_subject=dem&user_type=
http://www.cpom.ucl.ac.uk/csopr/icesheets2/dems.php?ais_subject=dem&user_type=
http://www.scp.byu.edu/data/iceberg
http://www.scp.byu.edu/data/iceberg
http://www.cpom.ucl.ac.uk/csopr/iv/index.html
http://www.cpom.ucl.ac.uk/csopr/iv/index.html
http://aspect.antarctica.gov.au/home/glossary-and-image-library
http://aspect.antarctica.gov.au/home/glossary-and-image-library
https://nsidc.org/data/search/#keywords=sea+ice/sortKeys=score,,desc/facetFilters=%257B%257D/pageNumber=1/itemsPerPage=25
https://nsidc.org/data/search/#keywords=sea+ice/sortKeys=score,,desc/facetFilters=%257B%257D/pageNumber=1/itemsPerPage=25
https://nsidc.org/data/search/#keywords=sea+ice/sortKeys=score,,desc/facetFilters=%257B%257D/pageNumber=1/itemsPerPage=25
https://nsidc.org/data/search/#keywords=sea+ice/sortKeys=score,,desc/facetFilters=%257B%257D/pageNumber=1/itemsPerPage=25
https://www.awi.de/en/focus/sea-ice.html
https://www.awi.de/en/focus/sea-ice.html
https://earthobservatory.nasa.gov/Features/SeaIce/page1.php
https://earthobservatory.nasa.gov/Features/SeaIce/page1.php
https://earthobservatory.nasa.gov/Features/SeaIce/page4.php
https://earthobservatory.nasa.gov/Features/SeaIce/page4.php
https://nsidc.org/cryosphere/seaice/characteristics/polynyas.html
https://nsidc.org/cryosphere/seaice/characteristics/polynyas.html
https://nsidc.org/cryosphere/seaice/characteristics/polynyas.html
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Polar ice and snow cover
NASA Ice Bridge Project—the largest airborne survey 

of Earth’s polar ice to date: https://nsidc.org/data/
IDCSI2/versions/1 
https://www.nasa.gov/mission_pages/icebridge/
index.html

Sea Ice Ecology
Thomas (2017) 

Shipping
COMNAP (2015)

WMO (2021)

European Space Agency (ESA)
Cryosat mission: https://www.esa.int/Applications/

Observing_the_Earth/CryoSat/ESA_s_ice_mission

Integrated Marine Observing System (IMOS)
IMOS Ocean Current: http://oceancurrent.imos.org.au/

Bluelink (see Excursus 2.2)
https://www.csiro.au/en/research/natural-environment/

oceans/Bluelink

CSIRO (2017)

Southern Ocean Observing System (SOOS)
This international initiative of the Scientific Committee 

on Antarctic Research (SCAR) and the Scientific 
Committee on Oceanic Research (SCOR) facilitates 
the collection and delivery of essential observations 
on dynamics and change of Southern Ocean 
systems: http://www.soos.aq/

Newman et al. (2019)
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