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Abstract Antarctic landfast sea ice (fast ice) is stationary sea ice that is attached to the coast, grounded
icebergs, ice shelves, or other protrusions on the continental shelf. Fast ice forms in narrow (generally up to
200 km wide) bands, and ranges in thickness from centimeters to tens of meters. In most regions, it forms in
autumn, persists through the winter and melts in spring/summer, but can remain throughout the summer in
particular locations, becoming multi-year ice. Despite its relatively limited extent (comprising between about
4% and 13% of overall sea ice), its presence, variability and seasonality are drivers of a wide range of physical,
biological and biogeochemical processes, with both local and far-ranging ramifications for the Earth system.
Antarctic fast ice has, until quite recently, been overlooked in studies, likely due to insufficient knowledge of
its distribution, leading to its reputation as a “missing piece of the Antarctic puzzle.” This review presents a
synthesis of current knowledge of the physical, biogeochemical and biological aspects of fast ice, based on

the sub-domains of: fast ice growth, properties and seasonality; remote-sensing and distribution; interactions
with the atmosphere and the ocean; biogeochemical interactions; its role in primary production; and fast ice

as a habitat for grazers. Finally, we consider the potential state of Antarctic fast ice at the end of the 21st
Century, underpinned by Coupled Model Intercomparison Project model projections. This review also gives
recommendations for targeted future work to increase our understanding of this critically-important element of
the global cryosphere.

Plain Language Summary Landfast ice (known more simply as fast ice) is sea ice that doesn't
move horizontally, unlike pack ice. It can cover extensive regions of the Southern Ocean, and ranges in
thickness up to several tens of meters. In many regions it melts or breaks out each summer, but can survive the
melt season in others regions. Antarctic fast ice is critically important for a wide variety of coastal processes,
and has far-reaching consequences for the Earth system, however our knowledge of it is limited. This first
review of Antarctic fast ice provides a synthesis of the current state of knowledge, including its baseline
properties and its major roles in key glaciological, oceanographic, atmospheric, biogeochemical and biological
interactions and processes, highlighting its crucial and far-reaching importance. Antarctic fast ice is likely

to reduce by the end of the 21st Century, in terms of its season length, thickness and possibly extent, but
projections are highly uncertain due to a current lack of inclusion of fast ice in climate models. Observations
of fast ice, including both ground- and satellite-based, should be coordinated and expanded to allow deeper
understanding of this important part of the global cryosphere and Antarctic coastal environment.

1. Introduction and Motivation

Antarctic landfast sea ice (“fast ice”) is sea ice that is fastened to icebergs grounded on the continental shelf, or
fastened to the coastline itself (including ice shelf margins), for a specified minimum duration; 2 to 3 weeks is
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a common criterion (Mahoney et al., 2007). Fast ice occurs on parts of the Antarctic continental shelf in narrow
(generally up to 200 km wide) bands. In most regions, it forms in autumn and melts in spring/summer, but can
remain throughout the summer melt season in certain locations, forming multi-year fast ice. Its presence, season-
ality and variability have been acknowledged as key drivers of a wide range of physical, biological, and biogeo-
chemical processes, with both local and far-ranging ramifications for the Earth system.

Fast ice also occurs in Arctic regions, where the primary attachment mechanisms are (a) by becoming landlocked
within lagoons or coastal inlets; or (b) when parts of the sea ice directly contact the sea bed, thereby stabilizing
the ice against advection due to winds, currents, and stresses within the ice field (Mahoney, 2018). In contrast
to the Antarctic, where grounded icebergs are the primary attachment mechanism in most areas (Li et al., 2020;
Massom, Hill, et al., 2001), iceberg-associated grounding is only common in isolated areas of the Arctic (C.
Wang et al., 2020) due to the limited distribution of icebergs from Greenland's ice shelves and tidewater glaciers.
Arctic fast ice is well-studied, with a breadth of indigenous knowledge (Eicken, 2010), extensive and regular
in situ observations (e.g., Howell et al., 2016), coastal radar installations that monitor its dynamics (Mahoney
et al., 2007), as well as a range of techniques to study its extent, trends, stability and other properties from
satellite remote-sensing (e.g., Dammann et al., 2019; Mahoney et al., 2007; Segal et al., 2020; Selyuzhenok &
Demchev, 2021; Y. Yu et al., 2014). Much less is known about its Antarctic counterpart, due in large part to its
geographic isolation.

The existing literature focusing on Antarctic fast ice has highlighted its crucial roles in the fields of (a) glaci-
ology, where it provides mechanical stability to vulnerable ice shelves and tongues (e.g., Massom et al., 2018)
and responds rapidly to environmental forcing (e.g., Leonard et al., 2021); (b) physical oceanography, where it
controls coastal polynya size and associated production of dense water (Fraser et al., 2019), modulates dissipation
and transfer of tidal and wind energy (Inall et al., 2021), modifies on-shelf circulation (Kusahara et al., 2021), and
is thought to influence rates of the globally-important Antarctic bottom water formation (Ohshima et al., 2013);
(c) biogeochemistry, where it forms a seasonal reservoir of limiting nutrients, with the potential for ocean fertili-
zation as it breaks up and drifts offshore (Grotti et al., 2005); and (d) ecosystems, where it provides a key substrate
for early-season primary production (Meiners et al., 2018) fueling coastal marine food webs (and underpinning
key ecosystem processes; Bluhm et al., 2017).

Despite its demonstrated importance, no recent study has synthesized this knowledge on a circum-Antarctic
scale. Indeed, many of the key references in the field are regional in scope, and highlight marked regional vari-
ability in fast-ice distribution, trends (Fraser et al., 2021) and formation mechanisms (Giles et al., 2008). A
comprehensive and up-to-date review of the importance and roles of Antarctic fast ice in the Earth system is a
major aim of this work, in addition to considering the future of Antarctic fast ice throughout the 21st Century, and
identifying priority areas for further research.

1.1. Historical Observations of Antarctic Fast-Ice Distribution

Perhaps the first detailed account of Antarctic fast-ice distribution (as well as factors influencing formation and
breakup, covered in Section 4 here) is that of Wright and Priestley (1922), from the famed British Antarctic (Terra
Nova) Expedition (1910-1913), where the fast-ice distribution of Victoria Land (western flank of the Ross Sea;
~165°E) was accurately mapped, and that of King Edward VII Land (eastern flank of the Ross Sea; ~140°W)
was commented on for the first time. Their account also contained mention of multi-year fast ice, deformed and
level fast ice, and the role of “stranded” (here referred to as “grounded”) icebergs in stabilizing fast ice.

Early accounts of East Antarctic fast ice occur throughout the Soviet/Russian literature, but only brief details of
these accounts are translated into English. Lutsenko and Timokhov (1977) describe the distribution of coastal
polynyas and fast ice across East Antarctica, based on 19701972 satellite data, drawing particular attention to
the fast ice occurring off Cape Darnley (~70°E). The role of grounded icebergs in stabilizing this fast ice feature
(and others) was also recognized around this time (Fedotov et al., 1998; Lutsenko & Timokhov, 1977). Fedotov
et al. (1998) also emphasize the role of sheltered embayments in harboring fast ice, and remark that level fast ice
is predominant over rough fast ice, in agreement with more recent work (Giles et al., 2008), although both stud-
ies are limited in their spatio-temporal coverage. Fast-ice roughness is now thought to be determined by coastal
configuration (Porter-Smith et al., 2021) and the degree to which (generally westward-advecting) pack ice can
intercept dynamical barriers, such as glacier tongues and grounded icebergs (Fraser et al., 2012).
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Fedotov et al. (1998), reporting in English on the earlier work of Kozlovsky et al. (1977), remark in some detail on
the distribution of fast ice around East Antarctica, based on a limited number of satellite images. They assert that
November is the month of maximum fast ice extent, although more recent work indicates that maximum extent
occurs in late September to mid-October, in most years (Fraser et al., 2012, 2021). Their estimate of maximum
circum-Antarctic fast-ice extent for that time is 550,000 km?, broadly in line with recent estimates (~601,000 km?
on average; Fraser et al., 2021). We note, however, the existence of Argon spy satellite images showing a lack
of wintertime fast ice near Dumont d’Urville Station (140°E) during 1963 (Massom et al., 2009), a region of
persistent extensive wintertime fast ice since 2000 (Fraser et al., 2012), indicating that fast ice may have been less
extensive in the past. Murphy et al. (1995) also suggest lower fast ice extent around the South Orkney Islands
(45.5°W, 60.58°S) during the 1940s and 1950s, further indicating that present-day fast-ice extent may not be
representative of conditions throughout the 20th Century.

1.2. Review Scope and Approach

No single previous publication has provided a broad synthesis of the state of our knowledge of Antarctic fast ice,
and the important roles that it plays in the Earth system, although elements of wide-ranging reviews exist in the
following publications:

e The aforementioned Fedotov et al. (1998) paper contained a synthesis of the earlier Soviet Antarctic fast-ice
work, but as detailed, was limited in its temporal coverage;

e Massom, Eicken, et al. (2001) contains a section on snow on fast ice, but the section is brief due to limited
observations at the time;

e Section 5.9.3 of Lubin and Massom (2006) contains an introduction to fast ice in both hemispheres, but the
focus of this work is on various techniques for its remote-sensing (covered briefly in this review), rather than
a synthesis of knowledge;

e aportion of the review of Antarctic sea-ice change and variability by Massom and Stammerjohn (2010) is dedi-
cated to fast ice, however considerable new knowledge has been gained in the 13 years since its publication;

e Meiners et al. (2018) synthesized chlorophyll-a data from historical sea-ice cores, however the scope was
relatively limited compared to the current review;

e Hoppmann et al. (2020) reviewed the state of the literature on platelet ice, a form of ice crystals which forms in
situ underneath ice shelves and accretes onto the base of fast ice (i.e., their review was focused on this aspect
of fast ice); and

e Fraser et al. (2021) analyzed the first high spatio-temporal resolution, long time series (2000-2018) data set
of Antarctic fast-ice extent, giving new circumpolar perspectives on its persistence, seasonality and trends, but
its scope was limited to the (horizontal) extent of fast ice.

As such, there is a need for a publication that presents an up-to-date, complete (i.e., covering all known work)
synthesis of the scientific knowledge of Antarctic fast ice. While aiming to present a broad review, we limit the
scope to the following elements: Antarctic fast-ice formation, extent, and drivers and physical interactions (both
atmospheric and oceanic); biogeochemistry; association with primary production; and its role as a habitat for
grazers (excluding krill). Although there has been considerable work undertaken on the association between fast
ice and higher trophic levels (e.g., Ainley et al., 2015; Emmerson & Southwell, 2022; Labrousse et al., 2021;
Massom et al., 2009), we limit this review to consideration of no organisms higher than plankton grazers. Simi-
larly, the influence of fast ice on Antarctic logistics (e.g., shipping, aviation) is not considered here; however
we do cover fast-ice mechanical properties as they relate to ice strength. Anchor ice, which is a covering of ice
crystals attached to the sea floor (Hoppmann et al., 2020), is somewhat related to both fast ice and platelet ice,
but not covered here since a relatively recent dedicated review exists (Mager et al., 2013), and it is thought to be
limited to one region of Antarctica: the southern Ross Sea (Mager et al., 2013).

Given the broad scope of this study, we have adopted elements of a systematic review in order to attempt to
capture all known literature. Our review aims to be a qualitative synthesis of all knowledge within the scope set
out above. More specifically:

e Within each major section, we perform a Scopus literature search using keywords (search strings given in
Appendix A) designed to find most relevant publications;
e in addition, we relied on section-leader expert knowledge to identify missing publications;
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e many irrelevant publications are also returned in the search (e.g., the publication may have a passing reference
to fast ice, resulting in a “false hit”)—these were manually filtered out by section leaders;

e “gray literature” was excluded; as were publications which had not completed peer-review (e.g., voyage
reports and “Discussions” papers—unless their inclusion was deemed essential by section leaders); and

¢ new material published after the original literature search was added during the review stage at the discretion
of the leader of each section.

The paper is structured around seven major sections (Section 2 through Section 8), covering fast-ice physical
properties and growth (Section 2); its large-scale distribution and seasonality via remote sensing (Section 3); its
atmospheric (Section 4) and oceanic (Section 5) interactions, its biogeochemical interactions (Section 6), and its
roles in primary (Section 7) and secondary production (Section 8). We then turn our attention to the potential
future of these fast-ice aspects, based on Coupled Model Intercomparison Project (CMIP) Phase 6 projections to
2100 (Section 9). Section 10 then presents concluding remarks, with an emphasis on the gaps in the research and
how these might best be filled.

2. Fast-Ice Growth, Properties and Seasonality

In this section, we provide an overview of the progression of physical properties of Antarctic fast ice, from
initial growth under various atmospheric and oceanic conditions to the evolution of its thickness, and finally its
breakup/decay. We also emphasize the important differences in physical properties between level (or “smooth”)
fast ice, which forms in sheltered locations such as in the lee side of promontories (Giles et al., 2008), and
deformed (“rough”) fast ice which forms when pack ice dynamically interacts in a way that renders it stationary,
deforming in the process. We also consider snow on fast ice. For the physical, mechanical and optical properties
of sea ice in general we refer the reader to reviews of Petrich and Eicken (2017), Timco and Weeks (2010), and
Perovich (2017), respectively, and concentrate on properties that are particular to Antarctic fast ice. Finally, we
consider the influence of physical properties on sea-ice algae, discuss progress in the simulation of fast-ice prop-
erties, and highlight the crucial gaps remaining in the field.

2.1. Growth, Evolution and Decay
2.1.1. Thermodynamic Formation: Level Fast Ice

Around the Antarctic coast, sea-ice growth is mainly the result of heat loss from the ocean to the atmosphere.
As mentioned above, fast ice can be partitioned into level or rough fast ice (Figure 1), based on whether it forms
thermodynamically/in situ (producing level fast ice) or dynamically (i.e., either from level fast ice that is broken
and redistributed, or from pack ice which becomes fastened due to dynamic interactions, generally forming rough
fast ice). Either form can be subsequently thickened by a number of processes.

Here we first consider the thermodynamic growth of level fast ice. In this case, initial ice formation is a relatively
thin skin between the ocean and atmosphere over which there is considerable vertical heat transfer. If the surface
of the ocean is disturbed by wind and waves, a soupy layer of millimeter-scale frazil ice crystals is first to form.
If prevailing conditions are suitable (i.e., the layer of frazil crystals is not advected away from the coast), then fast
ice grows as a thin (up to about 10 cm thick) layer of granular ice. Despite the initial turbulent conditions, this
consolidation of granular ice can then form level fast ice. Isolated from wind-driven upper-ocean turbulence by
this granular ice layer, columnar ice growth soon occurs at the base of the granular layer, resulting in a stratigra-
phy of “granular over columnar ice” which is frequently observed in level fast ice (Tang et al., 2007).

Columnar ice is also the usual mode of fast-ice thermodynamic thickening in relatively calm waters where
oceanic heat flux is positive; defining heat flux as positive when it flows to the sea ice from the ocean. Near the
fast-ice edge where stormy conditions prevail, frazil ice continues to be generated and the newly-formed fast-ice
cover ice is subject to deformation, that is, ridging and rafting. Here, granular ice can occupy most of the 1-2 m
thickness of the fast-ice cover (e.g., Veazey et al., 1994).

Once the ice has thickened sufficiently to obtain a positive freeboard (i.e., the upper ice surface lies above the
water level), falling snow may accumulate (and remain relatively dry) on the upper surface. There, the snow may
act as an insulating layer on top of the ice, or lead to snow-ice formation (Ushio, 2006). The latter takes place
when the overlying snow cover reaches sufficient thickness to depress the ice surface to below the water level,
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Figure 1. Satellite imagery and airborne photographs of level and rough fast ice. (a) Landsat 8 satellite image showing Bowman Island (103.1°E, 65.25°S) and the
surrounding icescape on 28 November 2020. Note that the “rough” patch in the visible image only looks rough (at this scale) because of the presence of numerous
grounded icebergs. (b) Similar to (a) but with synthetic aperture radar imagery (30 November 2020). Level and rough fast ice can be distinguished based on radar
backscatter (higher for rough ice, creating a “brighter” radar signature). (c) Level fast ice in the vicinity of Parker Ice Tongue (166.4°E, 73.9°S), photographed from
aircraft on 11 November 2017 (Credit: Christian Haas). (d) Rough fast ice in Moubray Bay (170.9°E, 72.0°S), photographed from an aircraft on 11 November 2017
(Credit: Christian Haas).

thus leading to flooding of the snow, forming slush, which subsequently freezes. Flooding can also occur if the ice
temperature and salinity exceed critical thresholds that allow brine channels within the ice matrix to interconnect
(generally above —5°C; Golden et al., 1998). Fast ice and its snow cover evolve together as a coupled sea ice-snow
system (see Section 2.2) and their evolution can be monitored using ice mass balance buoys that measure the
vertical temperature profile of the ice, its growth and melt, and snow accumulation and ablation (Richter-Menge
et al., 2006; Richter et al., 2022).

Note that especially during austral autumn the thin fast-ice sheet may be easily broken out, for example, mostly
due to encounters with passing cyclonic systems (Heil, 2006). After any early-season breakout and reformation
events, the seasonal evolution of fast ice from autumn through winter is typically driven by high thermodynamic
growth rates until the insulating properties of the ice and the overlying snow reduce the conductive heat flux
through the ice column. Maximum annual fast-ice thickness for thermodynamically grown, first-year fast ice
is typically reached toward the end of spring, when solar warming reduces the overlying protective layer of
snow as well as weakening the gradient of the vertical conductive heat flux sufficiently to slow or cease ther-
modynamic growth at the base of the ice. The annual maximum fast-ice thickness displays large interannual
variability (Heil, 2006) due to considerable variability in snow thickness and the amount of platelet ice accretion
(Section 2.1.2).
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2.1.2. Contribution of Platelet Ice to the Fast-Ice Cover

Recently it has been shown that ocean temperatures slightly below freezing are widespread in the surface
waters of the Southern Ocean, with up to 6% of all recorded oceanographic profiles displaying in situ super-
cooling (Haumann et al., 2020). The formation of platelet ice, one result of this supercooling, is therefore a
commonly-encountered feature of fast ice near marine-terminating continental ice around the coastline of Antarc-
tica. Below we give a brief outline of its formation and properties, drawing on a recent extensive review of platelet
ice and its role as a habitat by Hoppmann et al. (2020).

Melting/dissolution at the base of ice shelves cools and freshens the ice shelf-ocean boundary layer, producing
a water mass with a potential temperature below the surface freezing point (Foldvik & Kvinge, 1974; Jacobs
et al., 1985), called Ice Shelf Water (ISW; Figure 11). If the ISW ascends to shallower depths, the rise in its
pressure-dependent freezing point may force it to become supercooled in situ, causing frazil ice crystals to persist
in the water column. These ice crystals may be deposited under the ice shelf (e.g., Tison et al., 1998) and, where
they can accrete to the ice-shelf base as “marine ice” (Galton-Fenzi et al., 2012). If ocean currents are favorable,
they are also carried out from the ice shelf cavity and collect beneath adjacent fast ice (e.g., Gow et al., 1998;
Giinther & Dieckmann, 1999; N. J. Robinson et al., 2014; Tison et al., 1998). If they continue to be immersed in
supercooled water, the crystals can grow (e.g., Wright & Priestley, 1922). This is most apparent close to the sea
ice-water interface where pressure-induced in situ supercooling is greatest (Leonard et al., 2006, 2011). The frazil
crystals may form a sub-ice platelet layer (SIPL): a porous and friable layer in an evolving state of consolidation
(Crocker & Wadhams, 1989b; Morecki, 1965). The presence of an SIPL increases basal roughness and hence
drag at the underside of sea ice (McPhee et al., 2016; N. J. Robinson et al., 2017). Particle scavenging during the
ascent of the buoyant frazil crystals, combined with their large surface area and the ease of nutrient exchange
in the porous SIPL, means that this habitat harbors some of the highest concentrations of sea-ice algae on Earth
(Arrigo et al., 2010).

Modeling has shown that supercooling alone is not sufficient for the formation of an SIPL (Dempsey et al., 2010;
Wongpan et al., 2021). In addition, a critical flux of ice crystals from the ocean must be exceeded, and this flux
depends on the growth rate of the solid, upper part of the sea ice (and hence the thickness of its snow cover);
that is, an SIPL only forms when the conductive heat flux to the atmosphere is sufficiently low, otherwise the
frazil crystals are subsumed into the regular columnar ice growth at the base. This concept has been confirmed
by observation (Gough et al., 2012; Mahoney et al., 2011). The ice becomes consolidated (termed incorporated
platelet ice) when the interstitial water between the crystals of the SIPL freezes (Gow et al., 1998; 1. J. Smith
et al., 2001) and this process allows consolidated ice to become thicker than it would be in the absence of platelet
ice (Jeffries et al., 1993). An SIPL is less dense than water but denser than consolidated ice, so that its presence
also alters the hydrostatic relationship between sea ice freeboard and thickness, influencing satellite altimeter
determination of sea-ice thickness (S. Arndt et al., 2020; Price et al., 2014).

2.1.3. Dynamic Thickness Redistribution: The Formation of Rough Fast Ice

Other processes that can lead to ice thicknesses exceeding thermodynamic values include rafting and ridging,
otherwise known as dynamic thickness redistribution. In contrast to “planar sheets” of level fast ice, ice rubble
can pile up into linear pressure ridges or a rubble field to become rough fast ice, provided it remains attached to
the coast or icebergs grounded offshore (Figure 2).

Giles et al. (2008) estimate using remote sensing that 33% of the area of East Antarctic fast ice in 1997-1999 was
rough, indicating that deformation is a major determinant of overall fast-ice volume (assuming their estimated
values of 1.7 and 5.0 m for smooth and rough fast ice, respectively), and providing strong rationale for studies of
rough fast ice to be prioritized. Recently Langhorne et al. (2023) confirmed the pervasiveness of deformed fast
ice in the western Ross Sea where rough ice occupied 50% of the volume of a 700 km airborne electromagnetic
(AEM) thickness transect. The rough ice had a modal thickness of 3.3 m, while the level ice was 2.0 m. Near
Inexpressible Island in the Ross Sea (163.7°E, 74.9°S), the dynamic formation of rough fast ice up to 3—4 m thick
was observed after pack ice was blown into a small bay after almost 3 days of persistent onshore winds (Zhai
et al., 2019). The roughness of the underside of rough fast ice is also greater than that of level ice, which can
affect the under-ice drag coefficient and thus the degree of ocean mixing just below the fast ice (Inall et al., 2021).
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Figure 2. Schematic of vertical cross sections of Antarctic fast ice showing (a) level fast ice, and (b) rough fast ice. The ice shown represents an early austral spring
case. In rough fast ice, biological material is assumed to exist despite a lack of sufficient in situ observations. The right-hand panel is an enlargement of the physical
microstructure of a section of ice from panel (a), focusing on a brine drainage channel; here, ice is advanced in time by ~3 months and no biology is shown. Note that
the freeboard can be positive (above) or negative (below sea level) depending on the thickness (hence weight) of the overlying snow cover.

2.1.4. Multi-Year Fast Ice

First-year sea ice is sea ice of not more than one winter's growth. If it does not melt completely in the summer,
the remainder will gain more ice mass in the following winter, and becomes classed as second-year ice (and then
multi-year sea ice in the following year). Due to the coarse resolutions of gridded products (e.g., Melsheimer
et al., 2022) it is difficult to discriminate between second-year and multi-year ice. Hence only the latter term will
be used herein. Multi-year fast ice occurs in sheltered embayments and anchored within and upstream of fields of
icebergs grounded on banks/shoals up to ~400 m deep (Fraser et al., 2021; Giles et al., 2008). A transition from
annual to multi-year fast ice has been observed to include additional thermodynamic growth and an increase in
ice thickness from 2 to 3 m in the second year (Remy et al., 2007). Multi-year fast ice attached to the eastern edge
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of Mertz Glacier Tongue (MGT) prior to its 2010 calving (Leane & Maddison, 2018) had been estimated to be
at least 25 years old and between 10 and 55 m thick (Massom et al., 2010). Such thickness is far in excess of that
expected from heat loss to the atmosphere alone, indicating likely contributions from platelet accretion and/or
snow-ice formation. The transition from meteoric ice to fast ice can be ill-defined. In a similar way to rifts within
an ice shelf (Khazendar & Jenkins, 2003; Larour et al., 2021), gaps between icebergs may fill with platelet ice
from below and snow from above, gluing the ice bodies together and causing phenomena such as flooding and
snow ice formation. Such an ice mélange may persist for decades.

In multi-year fast ice without substantial snow-ice contribution, brine drainage during the warmer summer
months causes the upper half of the ice to be fresher with a lower brine volume, which confers enhanced mechan-
ical strength (Kharitonov & Borodkin, 2022; Remy et al., 2007). The contribution of snow-ice to the thickness
of multi-year fast ice can be considerable (Kawamura et al., 1997; Kusahara et al., 2021), with estimates of up to
57% in ice at least three years old in Nella Fjord (76.35°E, 69.4°S; Tang et al., 2007) and 100% in parts of ~2.5 m
thick, 10-year-old ice in McMurdo Sound (165°E, 77.5°S; Gough et al., 2013).

2.1.5. Breakup and Decay

From late spring until summer, fast ice breaks up and decays due to warming air temperatures and higher radi-
ation combined with ocean waves and winds. Unlike fast-ice melt in the Arctic (Petrich & Eicken, 2017), melt
ponds are rarely observed in Antarctica. In the austral summer the penetration of solar radiation can cause inter-
nal melting to produce gap layers below the snow and ice surface, causing decay and loss of fast ice mechanical
strength (e.g., Zhao et al., 2022). However, the annual loss of the fast ice is largely due to breakout (i.e., fast ice
becomes detached from the coastline or grounded icebergs, thereby becoming pack ice) rather than complete in
situ melt, especially once the receding pack ice no longer provides mechanical (Heil, 2006) or thermodynamic
(S. Arndt et al., 2020) protection to fast ice (i.e., by preventing solar absorption and heating of the upper water
column due to the presence of adjacent, high-albedo pack ice). Ephemeral mid-season breakouts can occur in
conjunction with storms (Heil, 2006; Leonard et al., 2021), particularly in regions where fast ice relies on tensile
strength for stability (i.e., in deeper-water regions with few grounded icebergs; Massom et al., 2009). In some
regions it is predicted that wind-induced tensile failure is the most likely mode of fast-ice fracture over most of
the year (Crocker & Wadhams, 1989a).

However the advent of summer, and the retreat of the pack ice, subjects the fast-ice cover to ocean swells (Crocker
& Wadhams, 1989a; Langhorne et al., 1998; Ushio, 2006). These waves attenuate as they travel into the fast-ice
cover (e.g., Voermans et al., 2021), so they have their largest amplitude close to the fast-ice edge, making it
most likely that break-up will be initiated there. A comprehensive review of sea ice (including fast ice) and its
interactions with ocean waves is provided by Squire (2020). In summary, there are many factors affecting fast-ice
break-up, extent and frequency, for example, long-term atmospheric variations, effects of ocean swell and surface
snow melting (Crocker & Wadhams, 1989a; Langhorne et al., 1998; Ushio, 2006), and these environmental
aspects are expanded upon in Sections 4 and 5 of this review.

2.2. Snow on Fast Ice

Snow is a crucial element of the Antarctic fast-ice system. The thermal conductivity of snow is almost an order
of magnitude less than sea ice (Maykut & Untersteiner, 1971), so its accumulation reduces the conductive heat
flux from the ocean to the atmosphere, slowing ice growth rates. Snow accumulation can also lead to the thick-
ening of the ice cover through snow—ice formation (Maksym & Markus, 2008). Critically, its presence on the ice
surface significantly increases the albedo of the fast ice cover (Brandt et al., 2005; Hoppmann, Nicolaus, Paul,
etal., 2015).

The transport and metamorphism of snow on fast ice are the result of atmospheric forcing from the marine and the
continental systems. The latter is marked by katabatic winds, a persistent and highly unidirectional gravity wind
funnelled downslope off the ice sheet by the local orography (Huot et al., 2021). Winds are a key determinant of
the thickness distribution of snow on fast ice, on the scale of meters to tens of kilometers, with localized thick-
ening in the form of both dunes and sastrugi (Filhol & Sturm, 2015). As opposed to pack ice, which may rotate
in response to forcing from the surface ocean or atmospheric stress, fast ice is fixed in place, so the snow cover
is especially prone to being shaped through exposure to the unidirectional katabatic winds encountered around
the Antarctic coast. For example, the initial stage of snow redistribution exhibits snow ridges with two tails that
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face downwind separated by a steep slipface. Barchan dunes are the initial feature of dune formation, where they
are associated with the transport of fresh snow by cyclones (Kuznetsov, 1960). These transient dunes tend to
migrate under steady wind stress, that is, by katabatic winds, while on pack ice, barchans are more stable due to
the wind-packing of snow and formation of internal layers (Massom, Eicken, et al., 2001).

While barchan dunes form due to a complex combination of both snow deposition and erosion, sastrugi describe
snow features that result purely from erosion acting on wind-packed snow (Filhol & Sturm, 2015). Sastrugi are
defined by their steep slopes facing the wind and gentle slopes on the opposing side that create sets of furrows.
Importantly these transitional features of the snow cover evolution cause variations in the snow depth, with
consequences for the thermal balance due to increased lateral heat fluxes through the snow and, importantly, an
increase in the average thermal conductivity of snow (Kochanski et al., 2021).

The first few kilometers of fast ice from the shore tend to be relatively snow-free, especially in regions of persis-
tent katabatic outflow (Allison, 1989; Fedotov et al., 1998; Kawamura et al., 1995). Beyond this, the fast ice
may carry a substantial snow cover, due to both redistribution from katabatic winds and extensive precipitation
from synoptic-scale systems (Heil, 2006; Petrov, 1967). It is not uncommon for the snow load to depress the
ice freeboard below sea level, giving rise to flooding and, if temperatures permit, the formation of snow ice
(Kawamura et al., 2006). Kawamura et al. (1997) further noted the presence of superimposed ice, which forms
when meltwater percolating down through the snow column refreezes on contact with the fast-ice surface into an
impermeable layer of ice with a polygonal structure. Superimposed ice may enhance the mechanical strength of
fast ice in summer (Massom, Eicken, et al., 2001; Section 2.3.2 here), while also inhibiting ice-atmosphere gas
exchange (Nomura et al., 2013). When unusually large snow accumulation occurred in the 1991-1992 season,
fast-ice thickness growth was relatively limited in winter but more substantial in summer—the latter due to snow-
ice formation. Later in the Antarctic fast-ice season, rotting near the upper surface (Heil et al., 1996) is associated
with snow-free ice, while snow dunes and other remaining snow cover prevent or at least delay the near-surface
melt of the fast ice. Ushio (2006), for example, draw a relationship between unusually early fast-ice breakup in
1997-1998 and relatively shallow snow coverage.

Systematic snow redistribution may occur in some regions, such as Liitzow-Holm Bay where geostrophic north-
easterly winds transport snow across the fast ice and preferentially redistribute it around 20-30 km from the eastern
shore of the bay (Kawamura et al., 1995; Uto et al., 2006). As a consequence of this, snow depth and ice thickness
both decrease toward the shore, which may be due to less snow preventing snow ice or superimposed ice forma-
tion in this region characterized by considerable snow-ice contribution to thickness (Kawamura et al., 1997). In
addition, due to the higher absorption of solar radiation in regions of low snow cover, combined with the thinner
ice in these regions, isolated pockets of complete fast-ice melt occur during summer (Uto et al., 2006).

Long-term fast-ice monitoring has been undertaken at several Antarctic coastal sites, either to support logistical
operations or as part of scientific studies. In the lead-up to the 2007 International Polar Year, the science-driven
Antarctic Fast Ice Network (AFIN) was established to monitor primary variables of ice- and snow thickness, and
fast-ice freeboard and extent. A range of observing techniques including autonomous observatories are used.
Recently the World Meteorological Organization's Global Cryosphere Watch called for sustained and consistent
sea-ice and fast-ice observations, especially in the Southern Ocean. The challenge remains in sustainably obtain-
ing standardized quality measurements of crucial fast-ice variables (Heil, Gerland, & Granskog, 2011). Observa-
tions of the distribution of snow thickness continue to be carried out, largely linked to AFIN, including in Atka
Bay (8°W; S. Arndtet al., 2020), off Mawson (62.9°E, 67.6°S), Zhongshan (76.4°E, 69.4°S), Davis (78°E, 68.6°S)
and Casey (110.5°E, 66.3°S) stations, and in McMurdo Sound (Brett et al., 2020; Price et al., 2014, 2019). The
AFIN site off Davis Station has been adopted as a CryoNet observing site by the World Meteorological Organi-
zation's Global Cryosphere Watch.

2.3. Fast-Ice Physical Properties and Their Seasonality
2.3.1. Physical Properties

The physical properties of fast ice depend upon ocean salinity, temperature gradient during ice formation and
formation rate, as well as ice composition and age. Consequently, the fundamental variables defining the fast-ice
state are the ice temperature and salinity profiles, the fraction of brine and air (by volume) and with these its
permeability, density, thermal conductivity, and crystal stratigraphy including c-axis alignment. In this section
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we refer the reader to the review of Petrich and Eicken (2017) for the physical properties of sea ice in general, and
focus on the properties of ice types that cause Antarctic fast ice to be distinctive, such as snow ice or platelet ice.

Sea ice is a complex medium composed of pure ice lamellae, with all the salt in brine inclusions that are either
connected or discrete, depending on temperature (generally connected for temperature greater than —5°C; see the
review by Petrich & Eicken, 2017). Brine drainage channels are liquid conduits that extend through the ice, allow-
ing gravity-driven brine drainage (Figure 2a). Such channels form naturally due to buoyancy-driven convection
in the porous array of ice crystals bathed in dense salty brine. At the ice—ocean interface, heavy and salty brine is
rejected from the sea ice structure and replaced by the fresher and lighter seawater from the underlying water
column through brine convection (Figure 2).

The brine and air fraction, or porosity, of fast ice is governed by its temperature and bulk salinity, where the salin-
ity of incorporated platelet ice is only very subtly different from the salinity of columnar ice (Gough et al., 2012).
Sea-ice permeability (defined as the extent to which connected pores within a material permit liquid flow) can
be calculated from the porosity (Freitag, 1999), and Wongpan, Hughes, et al. (2018) show, using temperature
profiles of fast ice in McMurdo Sound, that the mean permeabilities of columnar and incorporated platelet ice
are indistinguishable.

In general, air also exists in pockets within sea ice. The density of sea ice is a function of temperature and the
enclosed volumes of air and brine, that is, its total porosity (e.g., Petrich & Eicken, 2017). In the first-year fast ice
of McMurdo Sound, Price et al. (2014) measured density to be between 900 and 925 kg m~3, while the observa-
tional record from the AFIN site at Davis Station estimates the fast-ice density to be just under 900 kg m=3 at the
onset of austral spring (Heil, Massom, et al., 2011). In perennial, low salinity, fast ice in the Gulf of Transcription
(East Antarctica) lower densities (down to 680 kg m~3) have been found (Kharitonov & Borodkin, 2022).

Total porosity (air plus brine), which can be empirically calculated from measurements of sea-ice density, bulk
salinity and temperature (Cox & Weeks, 1986), is also a controlling parameter for the thermal properties of fast
ice. For example, using in situ temperature profiles of fast ice in McMurdo Sound as one of their sources, Pringle
et al. (2007) derived a widely-used empirical equation for sea ice thermal conductivity, expressed in terms of ice
temperature, bulk salinity and density.

2.3.2. Mechanical Properties

Sea-ice thickness determines most fundamental mechanical properties of a floating fast-ice cover. For example,
thickness influences the load that can be supported (its bearing capacity), the ability of an icebreaker to make
safe passage through the ice (Timco & Weeks, 2010; Weeks, 2010), and the ability of the ice to withstand
incident ocean waves without fracturing (Crocker & Wadhams, 1989a; Langhorne et al., 2001). To predict the
response of a fast-ice cover, knowledge of mechanical properties (tensile, flexural, shear, uni-axial compression,
and multi-axial compression strength, borehole strength, failure envelope, creep, elastic and strain modulus, Pois-
son's ratio, fracture toughness, fatigue or friction) is also needed, with the requisite knowledge of parameters
depending upon the stress configuration and mechanical problem under investigation. In addition to the thickness,
the volume and geometry of the brine and air inclusions in sea ice are the primary controls on these mechanical
properties (Weeks, 2010). The volume of inclusions is determined by the brine and air porosity, with porosity
(or its square root) most frequently being used as the independent variable to characterize changes in mechani-
cal parameters through the growth/decay cycle (Timco & Weeks, 2010). In turn, porosity is found from sea-ice
density, bulk salinity and temperature (Cox & Weeks, 1986). The geometry of inclusions is determined by micro-
structure, but is believed to be of lesser influence (Timco & Weeks, 2010). The rate of loading or deformation rate
also matters. In-depth reviews of the mechanical and engineering properties of sea ice are given in Weeks (2010)
and Timco and Weeks (2010).

As discussed in Section 2.1.2, the presence of platelet ice and snow ice distinguish Antarctic fast ice from its
Arctic counterpart. Very recent observations suggest that the mechanical strength of snow ice is much less than
that of congelation ice (Q. Wang et al., 2022). These observations of flexural strength and uniaxial compressive
strength were made on small samples of congelation ice and snow ice collected in Prydz Bay (East Antarc-
tica) and tested in the laboratory at differing rates, to separate ductile and brittle behavior. As discussed in
Section 2.1.2, incorporated platelet ice is only very subtly different in salinity and permeability from columnar
ice (Gough et al., 2012; Wongpan, Hughes, et al., 2018). Thus the mechanical properties of incorporated platelet
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ice are expected to be very similar to those of columnar sea ice. No data on mechanical properties of the high
porosity SIPL have been published (Hoppmann et al., 2020).

There are a handful of mechanical property measurements performed specifically on Antarctic fast ice, for exam-
ple, the recent snow-ice study of Q. Wang et al. (2022) on East Antarctic fast ice. Urabe and Inoue (1988) sampled
fast ice in Liitzow-Holm Bay and found that crystallographically it was similar to that of the Arctic, comprising
granular and columnar ice. The fracture toughness of this fast ice was shown to depend on grain size, while
compressive strength varied as the square root of brine and air porosity (Urabe & Inoue, 1988). Flexural strength
and fatigue measurements of the first-year fast ice in McMurdo Sound were made by subjecting cantilever beams
to repeated bending with zero mean stress (e.g., Haskell et al., 1996; Langhorne et al., 1998, 1999). These beams
were comprised mainly of columnar ice, but included between 10% and 35% incorporated platelet ice (Langhorne
et al., 2015). Comparison with a compilation of flexural strengths from all regions, including a small number
from Antarctica (Timco & O’Brien, 1994), confirmed that the crystallographic structure exerted less influence on
the mechanical properties of the beams than porosity (Langhorne et al., 1999). The in situ mechanical properties
of a fast-ice cover can also be deduced from its break-up by ocean surface waves. Voermans et al. (2021) use
observations of wave dissipation and dispersion to provide a method that can estimate the elastic modulus of the
ice based on wave attenuation and the theory of a thin elastic plate.

Partially frozen cracks in fast ice are likely to cause its mechanical strength to be lower than for a continuous cover
(Langhorne et al., 2001). This motivated an examination of the crystal, porosity and salinity structure of linear
cracks in fast ice, as well as the time evolution of the refrozen thickness (Petrich et al., 2007). Such cracks refreeze
quasi two-dimensionally due to heat transfer to the atmosphere and to the adjacent host ice cover, producing an
arch-shaped freezing interface. Again, the crystallographic structure of the refrozen material is believed to exert
less influence on the mechanical properties than salinity, temperature or brine volume. An analytical equation
was derived to estimate the time needed to obtain a certain refrozen thickness. Since the strength of refrozen
cracks increases with their thickness (Langhorne & Haskell, 2004), this time estimate could be useful for oper-
ations on the ice.

2.3.3. Optical

The physical properties of sea ice and its snow cover directly affect its optical properties (Perovich, 2017). A
large and growing body of in situ studies of sea ice optics has been carried out in the Arctic (e.g., Perovich &
Polashenski, 2012). Sea-ice conditions around Antarctica differ from those in the Arctic, and limited studies
of optical properties have been performed over Antarctic sea ice (e.g., Allison et al., 1993; Brandt et al., 2005;
Hao et al., 2021; Pirazzini, 2004; Vihma et al., 2009; Weiss et al., 2012; Q. Yang, Liu, et al., 2016; Zatko &
Warren, 2015).

To study the temporal evolution of Antarctic sea-ice optical properties, fast ice has been used preferentially over
pack ice because of its immobility and logistical accessibility. Reporting on fast-ice conditions in 2010, Q. Yang
et al. (2013) noted the key relationship between variability in local snow-cover thickness and properties and
fast-ice albedo, with the albedo being highest for fresh snow and generally decreasing as the snow aged toward
summer. Q. Yang, Liu, et al. (2016) measured a 2010-2011 time series of the broadband albedo on fast ice off
Zhongshan Station (76.4°E) and included consideration of cloud cover and snowfall in parameterization of fast-
ice albedo. Hao et al. (2021) extended the work of Q. Yang, Liu, et al. (2016) and investigated the impact of
snowfall on the spectral albedo (350-920 nm) of fast ice from October to November of 2016 in the same area, to
understand the physical processes and biological impacts at each wavelength and showed the fast-ice albedo to be
influenced by blowing snow (a common occurrence over coastal fast ice; Massom, Eicken, et al., 2001), and also
diurnal variability related to snow metamorphism and water content. These studies highlight the need to carry out
more detailed observations in order to clarify and quantify the complex relationships between Antarctic fast-ice
physical and optical properties.

2.4. Fast-Ice Simulation

By definition, fast ice is stationary sea ice which forms and remains attached to the coastline or among grounded
icebergs. Given that prognostic simulation of fast ice in three dimensions has been achieved only very recently
in the Antarctic (Huot et al., 2021; Van Achter, Fichefet, Goosse, Pelletier, et al., 2022; Van Achter, Fichefet,
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Goosse, & Moreno-Chamarro, 2022, expanded upon in Section 5 here), a one-dimensional (vertical) approach
has more commonly been adopted to model fast-ice thickness.

Crocker and Wadhams (1989b) modeled the thickness of fast ice growing near an ice shelf, based on the work
of Semtner (1976), and evaluated model results with observations from McMurdo Sound. The authors added the
representation of an unconsolidated SIPL and the formation of snow-ice, which are two main features of fast ice
in this area.

The second generation of one-dimensional fast-ice simulations was detailed by Hoppmann et al. (2020), and is
summarized here. Since the work of Crocker and Wadhams (1989b), there have been many additional measure-
ments of fast-ice thickness evolution. We discuss three models and their observation-based validation experi-
ments conducted in McMurdo Sound. Buffo et al. (2018) modeled the incorporation of buoyant frazil crystals
into the fast-ice base with a one-dimensional mushy-layer sea ice model. Focusing on the unconsolidated SIPL,
Cheng et al. (2019) used a two-dimensional plume model and compared its thickness distribution with the meas-
urements of K. G. Hughes et al. (2014) and found that the vertical distribution of frazil concentration primarily
controlled the thickness of the layer. Recently, Wongpan et al. (2021) modified the LIM1D model (Vancoppenolle
et al., 2010) by increasing the initial brine fraction in newly forming ice, and using advective desalination for the
brine rejection, and found that their simulated thickness of both consolidated and unconsolidated ice agree well
with observations collected by Gough et al. (2012).

For the case of fast-ice growth in regions of minimal influence from ice shelves, the oceanic heat flux values used
are positive (see Section 5 for the negative oceanic heat flux discussion). Y. Yang, Zhijun, et al. (2016) simulated
the growth of fast ice in Prydz Bay (East Antarctica) from March 2006 to March 2007 and found that after tuning
the model the oceanic heat flux decreased from 25 to 5 W m~2 in the growth season, and in summer it increased
back to 25 W m~2. Zhao et al. (2017) and Zhao, Cheng, et al. (2019) simulated fast-ice thickness evolution with
simultaneous second-year ice ablation, along with the influence of snow cover off Zhongshan Station in Prydz
Bay and obtained a maximum ice thickness range consistent with observations using oceanic heat flux equal to
30 W m~2. Zhao et al. (2020) developed a fast-ice thickness prediction system for Prydz Bay fast ice. This system
can forecast the fast ice and snow thickness for the next 10 days using a weather forecast as input data using
seasonal oceanic heat flux estimated from previous studies in the range of >0-30 W m~2. Li et al. (2022) used a
high-resolution snow/ice thermodynamic model to simulate fast-ice thickness along Mawson Coast (62°E) from
2006 to 2018 and found from their sensitivity experiments that an oceanic heat flux of 20 W m~2 matches well
with the observed thickness.

Arrigo et al. (1993) were the first to incorporate a biogeochemical component into one-dimensional fast-ice
simulation. Based on field observations, Lim et al. (2019) performed one-dimensional fast-ice simulations and
found that using a sea ice-specific value for silicic acid uptake can improve upon the previously-used value
taken from phytoplankton experiments, suggesting that to include sea-ice processes in large-scale models, sea-ice
algal-specific optimized values are needed (see Section 6 for more details).

2.5. Gaps

Although considerable work has been undertaken on observing and understanding the growth and structure of
Antarctic fast ice, we consider the following areas to be research priorities:

¢ Existing observation sites should be maintained and coordinated to facilitate the detection of trends in fast-ice
properties (especially ice thickness);

e Observations of ice properties should be obtained in new regions and extended toward summer (a time when
site safety becomes an issue), with a focus on multi-year fast ice (which is currently only well-observed in
Liitzow-Holm Bay) and rough fast ice (currently only observed on an ad-hoc basis); and

e Observation systems should leverage technical innovations, including in power systems (to facilitate auto-
mated wintertime observation), satellite uplinks (to encourage the long-term deployment of measurement/
monitoring systems in remote locations) and remote sensing technology (e.g., to expand the network of AEM
thickness measurements, as expanded on in Section 3 of this review).

e Long-term observing sites should be approved CryoNet sites (https://globalcryospherewatch.org/cryonet/)
following standards in sea-ice best practices and sharing of data following the Findability, Accessibility, Inter-
operability, and Reuse principles.
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3. Large-Scale Distribution, Seasonality and Thickness Estimates From Remote
Sensing

Not only is Antarctic fast-ice extent a key climate variable in its own right, given its sensitivity to oceanic and
atmospheric forcing (covered here in detail in Sections 4 and 5), but its volume and properties also provide
important measures of its storage of freshwater, its modes of formation, and its key ecological/biological and
biogeochemical roles (Giles et al., 2008). Moreover, fast-ice distribution strongly influences the size of important
coastal polynyas (Fraser et al., 2019; Massom, Hill, et al., 2001), to affect the formation rates of sea ice and associ-
ated Antarctic Bottom Water (AABW) (Ohshima et al., 2013)—with implications for global ocean thermohaline
(overturning) circulation and climate. Satellite remote sensing is crucial to the measurement and monitoring of
Antarctic fast-ice distribution, properties and thickness (Lubin & Massom, 2006), given its extensive coverage
(Fraser et al., 2012, 2021; Li et al., 2020), differing modes of formation (Fraser et al., 2012; Giles et al., 2008)
and wide range of thicknesses (Li et al., 2022; Massom et al., 2010). Here we provide a broad overview of remote
sensing techniques used and associated findings, with a focus on both covering papers which have mapped fast ice
in some way, as well as detailing the contribution of other papers to the body of knowledge regarding large-scale
fast-ice distribution, seasonality and thickness, noting that comprehensive coverage of technical aspects of fast-
ice remote sensing techniques is provided in Section 5.9.3 of Lubin and Massom (2006).

3.1. Regional-Scale Studies of Antarctic Fast-Ice Distribution

Until recently, our knowledge of the distribution of Antarctic fast ice and its variability emanated primarily from
East Antarctic aerial photography (e.g., Fedotov et al., 1998) and from regional-scale satellite-based assessments
using various visible, thermal infrared (TIR; Massom et al., 2009) and synthetic aperture radar (SAR) data sets
(Giles et al., 2008). While relatively limited in both space and time, these studies highlighted strong regional
differences and variability in the fast-ice system. For example, Massom, Hill et al. (2001) used NOAA Advanced
Very High Resolution Radiometer (AVHRR) imagery from 1999 to show a close coupling between fast-ice extent
off Adélie Land and sea-ice production in the adjacent Mertz Glacier Polynya (145°E, 66.7°S). Ushio (2006) also
used cloud-free AVHRR imagery to create a time series of fast-ice extent within Liitzow-Holm Bay (40°E) for
1980-2004. This was then used to investigate the factors controlling the breakout of this fast ice (see the follow-
ing section). Working in the same region, Aoki (2017) used a combined time series of AVHRR and Moderate
Resolution Imaging Spectroradiometer (MODIS) imagery to study the relationship between fast-ice breakout in
Liitzow-Holm Bay and tropical sea-surface temperature. Massom et al. (2009) used AVHRR imagery from 1992
to 1999 to highlight substantial interannual variability in the timing and extent of seasonal fast ice, and in the
prevalence of intra-seasonal breakout events, along the Adélie Land coast, and its impact on emperor penguin
breeding success. Michael and Hill (2003) used AVHRR visible and TIR imagery to manually digitize the extent
of Antarctic fast ice from 1992 to 1999 on a monthly basis in the vicinity of five Antarctic coastal locations (near
Mawson Station (62.87°E, 67.60°S), Davis Station (78°E, 68.58°S), Casey Station (110.5°E, 66.28°S), Dumont
d’Urville Station (140°E, 66.66°S), and Terra Nova Bay (164.5°E, 74.83°S)). The longest limited-region study of
fast ice also occurred in this region, in a study by Labrousse et al. (2021), which also aimed to explain emperor
penguin breeding success from 1979 to 2017.

The largest-scale fast-ice study without automation is that of Fraser et al. (2012). In this study, cloud-free compos-
ite images of the surface were assembled from MODIS imagery over a 20-day period (Fraser et al., 2009). From
these, the extent of East Antarctic fast ice was manually digitized at a resolution of 2 km/pixel, for the period
March 2000 to December 2008 (Fraser et al., 2010). This study thus presented the first dedicated large-scale,
regular and continuous data set of Antarctic fast ice, from which conclusions about its extent, seasonality and
variability could be reliably drawn, although the objectivity of the resulting maps is somewhat reduced by the
need for manual classification. This was the first study to show the large-scale climatological cycle of fast-ice
extent, with minimum extent occurring in the day-of-year (DOY) range of 61-80 in most years. Timing of the
maximum extent was found to be more variable, but occurred at DOY 261-280 on average. Fast ice was found
to comprise between ~4.5% and ~30% of overall East Antarctic sea-ice area in September and February, respec-
tively. The study also reiterated the close relationship between fast-ice maximum extent and the location of
grounded icebergs. An apparent trend toward increasing fast-ice extent in the Indian Ocean sector (20°E-90°E)
was later shown to be an artifact of the relatively short time series used in the study (Fraser et al., 2021).
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Box 1. The influence of icebreaker passage on fast-ice breakout

Icebreakers are purpose-built vessels designed to push their way through sea ice. They are employed in
both polar regions to resupply stations, open ice channels for other vessels, or to conduct marine science.
Icebreaker passage has the potential to destabilize fast ice (Mahoney, 2011) by the creation of an artificial
lead (Hotzel & Noble, 1979), which takes around 2 weeks in conditions suitable for refreezing to regain
its original mechanical properties (Cornett, 1982; Dome Petroleum, 1979). If the channel is made when
the surface is not freezing, then it can persist much longer. The destabilization of Antarctic fast ice was
first discussed by S. Kim, Saenz, et al. (2018), working in McMurdo Sound (165°E, 77.5°S). Fast ice
forms seasonally throughout much of the Sound (Fraser et al., 2021), and an icebreaker cuts a channel
through this fast ice as part of the summertime station resupply. S. Kim, Saenz, et al. (2018) statistically
analyzed the relationship between icebreaker arrival date at McMurdo Station (166.7°E, 77.85°S) and the
subsequent date of fast ice minimum extent. They found a significant correlation between these quantities
(R? = 0.197, p < 0.01) indicating that mechanical, icebreaker-induced destabilization may play a role
in fast-ice breakout in some regions of Antarctica, however the reason for the long lag of 24 + 9 days
between icebreaker passage and subsequent fast-ice breakout is unclear.

In Figure 3 we present a new example showing the track of an icebreaker into fast ice in Prydz Bay
(73.5°E, 68.8°S), and its subsequent breakout, to illustrate that this phenomenon is not limited to deep
embayments such as McMurdo Sound. Approximately 670 km? broke out in the hours following the start
of fast ice-breaking, indicated in yellow. A subsequent, much larger (~10,800 km?) breakout occurred
on 29 November 2021, indicated in red, with the broken-out ice sharing a border with the icebreaker
channel, indicating destabilization of the fast ice along the ship track. This example (a) shows that
icebreaker-induced fast-ice breakout is not limited to McMurdo Sound, (b) is far greater in areal extent
than the McMurdo Sound examples studied by S. Kim, Saenz, et al. (2018), and (c) suggests that a
systematic study into the importance of this mechanism around Antarctica, and its impacts on related
atmospheric, oceanic and biological systems, would be highly valuable.

In another study, S. Kim, Saenz, et al. (2018) used hand-digitised MODIS images to produce a climatology of
fast-ice extent in McMurdo Sound (165°E, 77.5°S), during sunlight months (October to April) from 2002 to
2014. Based on the high correlation between fast-ice extent in MODIS data and passive microwave-derived
sea-ice extent over the period of 1978-2014, they describe a trend toward more complete summertime breakout,
later timing of the minimum extent, and earlier refreezing (although this is somewhat at odds with ship log-based
records of McMurdo Sound fast-ice extent over the same time period (Ainley et al., 2015) which indicate an
insignificant increasing trend in fast-ice extent). S. Kim, Saenz, et al. (2018) were also the first to draw attention
to the correlation between icebreaker passage and localized fast-ice breakout, a topic which is expanded upon in
Box 1 of this review.

SAR imagery is extensively used for monitoring the Earth's polar regions, owing to its very high spatial
resolution (as low as sub-meter), its ability to penetrate clouds, and its lack of reliance on solar illumination,
allowing it to be used year-round (Lubin & Massom, 2006). Lythe et al. (1999) used a combination of SAR
radar backscatter and TIR imagery to distinguish level multi-year fast ice from other sea-ice types, although
this approach is likely to be less effective in areas where the fast ice spans a range of different roughness char-
acteristics and ages.

The use of SAR imagery as a navigational aid in fast ice-covered regions has been reported near Zhongshan
Station (76.4°E, 69.37°S; X. Wang, Cheng, et al., 2014). Although limited in spatial (~50 x 50 km) and temporal
extent (a single snapshot in November 2012), this study affirmed the utility of C-band, horizontally-polarized
transmit/receive (HH) SAR imagery in distinguishing regions of level and deformed fast ice. By this technique,
tide crack locations could also be retrieved. C-band SAR imagery was used for similar manual fast-ice retrieval
and roughness classification in the Ross Sea by Zhai et al. (2019).
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Figure 3. (a) Composite satellite image showing fast ice (green shading) in eastern Prydz Bay, East Antarctica, on 8 November 2021. (b) As for panel (a) but for 1
December 2021. Panels (c) and (d) are enlargements of (a) and (b), respectively. The track of an icebreaker through the fast ice is indicated with red circles. Recently
broken-out fast ice is indicated in yellow shading for 8 November (~670 km?), and red shading for 1 December (~10,800 km?), illustrating that both breakouts occurred
along the icebreaker track. High-resolution Landsat-8 “pansharpened” images in (a—d) were created by merging the high-resolution panchromatic band with lower
resolution (30 m) red-green-blue (RGB imagery), obtained from https://earthexplorer.usgs.gov/. The Geospatial Data Abstraction Library (https://doi.org/10.5281/
zenodo.5884351) was used for the pansharpening operation. Note that in the top half of panel a where Landsat imagery is not available, NASA MODIS imagery is used.
Figure created using Quantarctica 3 (Matsuoka et al., 2021).

SAR imagery has also been used in limited area studies of the relationship between fast-ice extent and the behav-
ior of adjacent glacier tongues and ice shelves. These include the studies of: (a) Massom et al. (2015), who
inferred mechanical coupling between fast-ice and the MGT (144.7°E, 67.50°S) using RADARSAT C-band
SAR imagery (covered here in more detail in Section 5); (b) Miles et al. (2017), who used Envisat ASAR imagery
to determine the extent of both the terminus of outlet glaciers and fast ice in Porpoise Bay (115.5°E, 32.0°S); and
(c) Gomez-Fell et al. (2022), who used a semi-automated fast-ice retrieval algorithm (developed by Mahoney
et al., 2004) with Sentinel-1 C-band imagery to quantify the close mechanical coupling between fast ice and the
Parker Ice Tongue (166.0°E, 73.9°S).

3.2. Unlocking Circum-Antarctic Fast-Ice Studies With Automated Extent Retrieval

Manual extraction of the distribution of fast ice from satellite imagery is time-consuming on large spatial scales,
and suffers from relatively high levels of subjectivity compared to automated techniques. Here we describe recent
advances in the semi- and near-fully-automated extraction of fast-ice extent, and discuss the benefits of these
techniques in terms of their ability to provide long-term, large-scale and consistent data sets of fast-ice extent.
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SAR imagery is particularly suitable for automation due to its insensitivity to cloud cover and ability to pene-
trate polar darkness. Giles et al. (2008) used SAR image cross-correlation to provide two “snapshots” of East
Antarctic fast-ice extent (85°E-170°E) in the Novembers of 1997 and 1999. By this technique, areas of sea ice
with a near-zero velocity between the image pairs (separated by between <1 and ~20 days) are labeled as fast
ice. As discussed in the introduction to this review, November was assumed to be the month of maximum extent
(following Fedotov et al., 1998), but this was subsequently shown to occur in late September to early October
in most years (Fraser et al., 2012, 2021). In a demonstration of an automation technique, M. Kim et al. (2020)
used pairs of SAR images separated by 5 days in conjunction with a sophisticated hybrid object classification/
machine learning algorithm to successfully classify fast ice in West Antarctica. Although only demonstrated on
seven image pairs in 2007 and 2010, this technique shows great potential for mapping fast ice with a high degree
of automation, even in regions where grounded icebergs are present (which may lead to false classification of fast
ice when using the image cross-correlation technique of Giles et al., 2008).

In a development of earlier MODIS-based fast ice retrieval work, Fraser et al. (2020) released a circum-Antarctic
fortnightly fast-ice data set at a resolution of 1 km per pixel. Semi-automated retrieval of the fast-ice edge
was achieved, resulting in a long-term fast-ice record (March 2000-February 2018) and reducing subjectivity
compared to earlier large-scale MODIS composite-based fast-ice classification (Fraser et al., 2012).

The 18-year mean fast ice persistence is presented in Figure 4, based on the data set of Fraser et al. (2020). This
data set was subsequently analyzed to provide baseline knowledge of fast-ice extent, variability, seasonality and
trends (Fraser et al., 2021), revealing that Antarctic fast-ice:

* undergoes a seasonal ~threefold increase in extent, from ~221,000 km? (mid-March) to ~601,000 km? (late
September/early October);

e can naturally be partitioned into eight regions based on extent co-variability;

e exhibits regional variability in trend magnitude (and sign) across the 18-year study period, ranging
from +2.81 + 0.50%/year (Bellingshausen Sea) to —2.59 + 0.69%/year (Weddell Sea), and an overall
(marginally-significant) trend of —0.19 + 0.18%/year;

e can form either seasonally (first-year or seasonal fast ice), or persist throughout the summer in some years
(multi-year fast ice), with the latter forming within protected embayments, upstream of protrusions into the
(westward) coastal current, or in association with dense fields of grounded icebergs; and

e forms over a bathymetric depth of, on average, ~400 m, although this varies regionally from ~200 (Bell-
ingshausen Sea) to ~450 m (Australia and Amundsen Sea sectors), depending on coastal configuration and
iceberg grounding depth/configuration.

Continent-wide data sets featuring automated retrieval of Antarctic fast ice have been provided in three other
publications, including:

e M. Kim et al. (2015), which detailed the use of multiple satellite sensors in a machine learning framework,
suggesting the utility of such techniques for fast-ice retrieval, although resulting maps of fast-ice distribution
are somewhat unrealistic (e.g., fast ice throughout much of the central Weddell Sea);

¢ Nihashi and Ohshima (2015), which produced a fully-automated estimate of Antarctic fast-ice extent from
2003 to 2012 based on relatively low-resolution Advanced Microwave Sounding Radiometer for EOS
(AMSR-E) passive microwave data, using techniques first detailed by Tamura et al. (2006), although it was
first suggested by the authors and later demonstrated (Fraser et al., 2019) that this data set is insensitive to
young fast ice (<3 months old); and

e Li et al. (2020), which derived semi-automated maps of Antarctic fast-ice extent for the Novembers of
2006-2011 and 2016-2017 from SAR imagery (i.e., a time of rapid fast-ice retreat, limiting its use as a
climatically-representative time series).

Although circumpolar in scale, the contributions of these three publications to knowledge on fast-ice distribution
and seasonality has been relatively limited due to the noted shortcomings. They do, however, indicate the poten-
tial for a higher degree of automation in fast-ice extent retrieval.
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Figure 4. Mean fast-ice persistence distribution, over the period from March 2000 to March 2018 and based on the data set of Fraser et al. (2020). Inset maps (a—j)
are enlarged maps of selected regions. Fast-ice regions, as defined in Fraser et al. (2021), are indicated in the center. DML is Dronning Maud Land, WIO is Western
Indian Ocean, EIO is Eastern Indian Ocean, Aus is the Australian sector, VOL is Victoria and Oates Lands, AS is Amundsen Sea, BS is Bellingshausen Sea, and Wed is

Weddell Sea.

3.3. Antarctic Fast-Ice Thickness Remote Sensing

The principal challenge with remote sensing of the thickness of sea ice, landfast or otherwise, is the detection
of the underside of the ice from above. Although ice-penetrating radar is a widely used tool for measuring
the thickness of glaciers and ice sheets (e.g., Gogineni et al., 1998), the brine within sea ice greatly limits the
penetration depth of microwave energy compared with freshwater ice. As a result, measurement of sea ice thick-
ness with ice-penetrating radar has so far been limited to surface-based observations (Bradford et al., 2016) and
wide-bandwidth sensors (Holt et al., 2009), which have yet to be implemented in an airborne or satellite platform.
As a result, space-based methods for determining sea-ice thickness rely on observations of the upper surface,
which prove problematic for fast-ice applications.

3.3.1. Microwave Backscatter-Based Classification and Estimates of Fast-Ice Thickness

The study of East Antarctic fast-ice distribution by Giles et al. (2008) was also the first to use backscatter-derived
observations of surface roughness as a means of inferring Antarctic fast-ice thickness. In this region, level fast
ice was estimated to comprise ~67% of fast ice, with the remainder being rough fast ice. By assuming mean
thicknesses of 1.7 m for level fast ice (broadly in line with an observed mean value of 1.24 m for level first-year
fast ice in Liitzow-Holm Bay by Nakamura et al., 2009) and 5.0 m for deformed fast ice, Giles et al. (2008)
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derived the first large-scale estimate of East Antarctic fast-ice volume. While fast ice was found to comprise
only 8.3% of ice extent, it made up an estimated 28% of volume. Nakamura et al. (2009) looked at the thickness
and C-band backscatter of level first-year ice in Liitzow-Holm Bay in December 2004. Comparing ice thickness
observations acquired along an icebreaker track with near-coincident Envisat ASAR data, they identified a nega-
tive relationship between fast-ice thickness and the ratio of vertically and horizontally co-polarized backscatter
coefficients. This relationship is explained by the cooling of the ice surface that occurs as ice thickens in winter
and the associated reduction in brine volume, which enhances microwave penetration and volume scattering.
Nakamura et al. (2009) derive a linear relationship (R? = 0.72) over fast-ice thicknesses ranging from approxi-
mately 0.5-2.2 m, but the technique has not been applied more widely.

3.3.2. Altimetric Estimates of Fast-Ice Thickness

Altimetry-based methods rely on the principle of isostatic balance for floating bodies to determine the thickness
of the ice from the measurement of freeboard, or the height of the ice or snow surface relative to the waterline
(e.g., Kwok, 2004; Laxon et al., 2013). As a result, altimetric sea-ice thickness measurements are highly sensi-
tive to uncertainties in snow depth, which must be determined independently, and the densities of ice, water and
snow (Kwok & Cunningham, 2008), all of which affect the freeboard for ice of a given thickness. Additionally,
to account for the dynamic topography of the sea surface, it is necessary to obtain altimetric measurements of
sea surface height (SSH) in leads and polynyas within the ice pack. Such areas of open water are rarely encoun-
tered within fast ice cover. Sea ice freeboard measurements from the Ice, Cloud and Land Elevation Satellite
(ICESat)-2 laser altimetry are excluded if they are more than 10 km from a lead in which SSH could be deter-
mined (Kwok et al., 2019). Recent work by Landy et al. (2021) suggests that this length scale can be extended
in some cases, but this still represents a limitation for measuring the thickness of extensive regions of fast ice.

Nonetheless, Massom et al. (2010) used the Geoscience Laser Altimeter System (GLAS) onboard the original
ICESat altimeter to retrieve the freeboard of the thick multi-year fast ice attached to the eastern flank of the MGT
prior to its calving in early 2010. This fast-ice feature, ranging in age from 20 to 35 years old, was estimated to be
between 10 and 55 m thick, depending on the densities of snow and ice assumed in the hydrostatic calculation.
Such growth in thickness is suggested to be possible due to the contribution from platelet ice deposition onto the
base of the fast ice (Hoppmann et al., 2020, see also Section 2.1.2).

Price et al. (2015) retrieved McMurdo Sound fast-ice freeboard using the Ku-band Synthetic Interferometric
Radar Altimeter-2 (SIRAL-2) onboard the European Space Agency's CryoSat-2 radar altimeter. Depending on
the waveform retracker used, the retrieved freeboard was determined to correspond to somewhere between the
snow-ice and snow-air interfaces. This work provides the basis for systematic monitoring of Antarctic fast-ice
freeboard, regardless of cloud cover, but may be limited to regions of fast ice uncontaminated by the presence of
icebergs, due to the relatively large footprint of ~380 X 1,650 m.

3.3.3. Radiometric Estimates of Fast-Ice Thickness

Radiometric techniques measure the passive emission of thermal radiation from the sea ice and rely on the fact
that the surface temperature of the ice decreases as the ice thickens (e.g., Nihashi et al., 2009; Tamura et al., 2007
Tian-Kunze et al., 2014). However, this relationship becomes less sensitive as the ice thickness increases (and
particularly as it accumulates a snow cover), and measurements are therefore typically limited to ice thinner than
approximately 0.5 m (Jezek et al., 2019; Tamura et al., 2007) with little or no snow cover. Hence, although TIR
radiometry may potentially be used to infer/model the thickness of fast ice during the early stages of formation,
we are not aware of any such measurements in the literature.

3.3.4. Electromagnetic Sounding Estimates of Fast-Ice Thickness

As an alternative to satellite-based measurement, AEM sounding can be used to determine sea-ice thickness over
the full range of thicknesses found in the polar regions (e.g., Haas et al., 2009; Mahoney et al., 2015), but over
smaller areas and shorter time spans. By remotely sensing the positions of the upper and lower surfaces of the
ice and snow cover relative to the instrument, AEM measurements supplemented with a laser altimeter typically
achieve accuracies of better than 10% of the total snow-plus-ice thickness, without sensitivity to uncertainties
in sea surface topography or the densities of snow, ice and seawater. Snow depth must still be determined inde-
pendently to obtain an observation of sea-ice thickness, but AEM measurements are significantly less sensitive
to uncertainty in snow depth than radiometric or altimetric techniques. Thus, although AEM cannot provide the
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same spatial coverage as satellite-based observations, it is a well-suited technique for remotely sensing the thick-
ness of fast ice over limited areas and time periods. Moreover, Haas et al. (2021) recently demonstrated the ability
of AEM to measure both the thicknesses of fast ice and the unconsolidated SIPL beneath. The technique has been
used in McMurdo Sound (Haas et al., 2021), and on a transect covering ~700 km of springtime fast ice along the
Victoria Land coast (~165°E, 75°S) in the western Ross Sea (Langhorne et al., 2023).

3.4. Gaps in Our Knowledge, Future Focus Regions

Currently, the contribution of remote sensing to the overall knowledge of fast-ice physical properties is limited due
to the regional nature or short time series of most studies. Future studies should focus on providing large-scale,
consistent and continuous measurements of fast-ice extent and thickness, in order to provide baseline knowledge
on the seasonality, variability and trends in these parameters. Although detailed knowledge about the distribution,
variability and trends in fast-ice extent has been gained in the last decade, considerable gaps remain. Regular
maps of fast ice need to be reliably produced with a high degree of automation, in order to produce an objective
fast-ice extent data set. Although automation presents significant challenges (e.g., performance under all sky
conditions and during times of melt), the potential of SAR-based techniques has been shown in recent publica-
tions (e.g., Selyuzhenok & Demchev, 2021). An ideal data set would have the following attributes: automated,
objective, with a long instrumental record, using freely-available source imagery, high resolution, accurate, able
to retrieve fast-ice extent at all times of the year, circumpolar, and ability to be used in the presence of icebergs
and different types of fast-ice (i.e., level and rough). As shown in several publications (e.g., M. Kim et al., 2015,
2020), there is also the potential to use machine learning-based techniques to enhance the automation of fast-ice
retrieval. Multi-sensor fusion also has the potential to contribute to automated enhanced classification (as demon-
strated by Lythe et al., 1999).

Similarly, our knowledge of the distribution of fast-ice roughness is also lacking. Combining maps of fast-ice
distribution with images of SAR backscatter (Segal et al., 2020) or roughness maps determined from multi-angle
visible imagery (e.g., Johnson et al., 2022) hold the key to increasing our knowledge in this area. Laser altimetry,
with its fine spatial resolution (e.g., 17 m footprint in the case of the ICESat-2), can also be used to determine the
roughness of ice (van Tiggelen et al., 2021), though such techniques have yet to be implemented over Antarctic
fast ice.

While automation has the potential to enable objective fast-ice mapping into the future, information on
historical fast-ice extent is still lacking. Although weekly ice charts are produced for Antarctica (e.g., the
collaboratively-produced Russian Arctic and Antarctic Research Institute (AARI)-US National Ice Center
(NIC)-Norwegian Meteorological Institute (NMI) charts), these have not been used extensively for fast-ice stud-
ies, likely owing to inconsistent format before standardization, and an absence of studies validating the fast-ice
component of these charts. A study on the accuracy and reliability of the fast-ice component of Antarctic ice
charts would be valuable, and potentially enable studies of historical fast ice similar to that of Y. Yu et al. (2014)
in the Arctic.

Processes acting at small spatial scales and timescales shorter than typical repeat intervals of polar-orbiting satel-
lites represent another gap in our understanding of fast ice. Interferometric SAR (InSAR) provides a means of
observing the mm-scale relative surface motion and is a well-established tool in the field of geodesy (e.g., Simons
& Rosen, 2007). InSAR cannot typically be applied to drifting sea ice, since the surface motion between satellite
acquisitions is too great to maintain coherence. However, InSAR has successfully been applied to map Arctic
fast-ice extent (Dammert et al., 1998; Meyer et al., 2011), assess its relative stability (Dammann et al., 2019), and
quantify micro-scale strain (Dammann et al., 2018). Additionally, using short-temporal baseline InSAR data from
the TanDEM-X mission, Mahoney et al. (2016) demonstrated the ability to map infragravity waves propagating
through pack ice and fast ice. To our knowledge, InSAR analysis of fast ice in Antarctica has only been reported
once (Han & Lee, 2018), but with the possible role of fast ice in sheltering ice shelves from the influence of ocean
waves, we anticipate this could become an important field of research.

In the Arctic, coastal radars have been used to observe short-lived events associated with the formation, deforma-
tion and detachment of fast ice since the 1970s (Jones et al., 2016; Mahoney et al., 2007; Shapiro & Metzner, 1989).
In concert with co-located atmospheric and oceanic measurements and, in some cases, Indigenous knowledge
(Druckenmiller et al., 2009), these studies have provided insight into the role of grounded ridges in anchoring
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Figure 5. A true-color composite NASA MODIS image of the eastern Prydz Bay region during a time of extensive fast
ice cover (10 April 2022). Fast ice is outlined in cyan. Satellite imagery from NASA Earth Observing System Data and
Information System Worldview (https://worldview.earthdata.nasa.gov/).

fast ice and the influences of winds, tides, ocean currents, and waves during detachment events. More recently,
Dammann et al. (2020, 2022) have applied ground-based radar interferometry for observing micro-scale strain
in Arctic sea ice at timescales of minutes. This work has demonstrated the ability to observe pre-fracture ice
deformation, the propagation of surface wave fronts through ice, and coupling between floating and grounded
ice. Once again, we are not aware of the deployment of any coastal radar system—either interferometric or
non-interferometric—in Antarctica, but we anticipate this could provide new insights into episodic processes
controlling timing, extent, and stability of Antarctic fast ice for scientific and operational purposes.

4. Atmospheric Interactions With Fast Ice

The atmosphere plays a key role in shaping the Antarctic fast-ice environment, across a wide range of
spatio-temporal scales—from micro- through synoptic to regional and seasonal to annual. Major atmospheric
factors affecting Antarctic fast-ice formation, breakup/melt and resultant duration and extent of coverage, thick-
ness, age, mechanical strength and properties include: air temperature (e.g., Heil, 2006); synoptic wind speed
and direction (e.g., Heil, 2006; Heil, Massom, et al., 2011; Massom et al., 2009); the degree of storminess and
the incidence of wind-generated ocean waves (e.g., Crocker & Wadhams, 1989a); and snow accumulation, wind
redistribution (aeolian) and melt (e.g., Kawamura et al., 1997; Ushio, 2006). These factors will be examined in
more detail in regional case studies provided below.

Fast ice also influences the atmosphere by modifying the energy balance near the surface. This influence occurs
directly via ice-albedo feedback (see Section 2.3.3), and also indirectly by the role played by fast ice in the
production of gas-phase biogenic chemical species that play a role in aerosol production (Charlson et al., 1987,
see also Section 6.5.2).

In the remainder of this section, we primarily overview the reported influence of various atmospheric processes
on differing fast-ice environments from different parts of both East and West Antarctica, including regional maps
where appropriate. We then highlight the relationships between Antarctic fast ice and large-scale climate patterns
and teleconnections. The research cited highlights the complex nature of atmosphere-fast ice interactions, and the
vulnerability of Antarctic fast ice to changing atmospheric conditions.

4.1. Davis and Zhongshan Stations, Princess Elizabeth Land

Much of our understanding of fast ice-atmosphere relationships comes from long-term observational programs
or dedicated studies at and near to Antarctic research stations, extended spatially by atmospheric reanalyses and
satellite studies. At Australia's Davis Station (78°E; see Figure 5), in a study of the local annual fast ice from the
1950s to 2003, Heil (2006) found the maximum thickness of first-year fast ice to be significantly correlated with
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Figure 6. A true-color composite NASA MODIS image of the Liitzow-Holm Bay region during a time of extensive fast
ice cover (16 October 2022). Fast ice is outlined in cyan. Satellite imagery from NASA Earth Observing System Data and
Information System Worldview (https://worldview.earthdata.nasa.gov/).

winter surface air temperature (69% of variance explained), with the annual fast-ice persistence/duration also
depending strongly on winter and spring temperatures. Heil (2006) also attributed large observed inter-annual
variability in the fast-ice characteristics off Davis to wind and storminess, which have dominant influences on
maximum ice thickness and annual breakout timing and extent, respectively.

Approximately 100 km to the south-west and in the region of China's Zhongshan Station (76.3°E; also indicated
in Figure 5), the fast ice is more perennial, but with periodic breakouts (Zhao, Yang, et al., 2019). Y. Yang,
Zhijun, et al. (2016) combined meteorological and fast-ice thickness measurements from 2006 to 2007 to develop
a one-dimensional thermodynamic fast-ice model tuned with albedo and oceanic heat flux (see also Section 2.4).
Considerable work has been undertaken here on the snow cover overlying fast ice (Q. Yang et al., 2013; Q. Yang,
Liu, et al., 2016; Hao et al., 2021), including both optical and thermodynamic influences; these are covered in
Section 2 of this review.

In an analysis of the fast-ice radiation environment for 2010-2015, L. Yu et al. (2017) found surface tempera-
ture to be the main determinant of the seasonal ice melting. Building on earlier work, Zhao, Cheng et al. (2019)
showed from measurements in 2012-2016 that local fast-ice thickness decreases with increasing snow-cover
thickness. This is not surprising given the strong insulative properties of snow and its influence in decreasing the
rate of thermodynamic ice growth (Sturm & Massom, 2016). Working in Quilty Bay close to Zhongshan, Shah
et al. (2017) showed the fast ice to be characterized by distinctive layering (upper low density with an underlying
high density) that is influenced by the coastal easterly wind field, which also plays a dominant role in controlling
snow distribution on the fast ice in the area. Knowledge gained at and around Zhongshan Station has been applied
to the development of an operational fast-ice forecast model, the Fast Ice Prediction System, which was first
demonstrated in the 2017/2018 season (Zhao et al., 2020).

4.2. Liitzow-Holm Bay, Dronning Maud Land

The extensive region of fast ice off Syowa Station (39.6°E; see Figure 6) has also been subject to long-term
scrutiny and monitoring by the Japanese Antarctic Research Expedition, from the perspective of atmospheric
influences on observed variability (spatial and temporal) in its thickness, properties, distribution and duration.
Liitzow-Holm Bay normally contains predominantly multi-year fast ice, but this breaks out every few years
(Ushio, 2006), and a number of case studies have cast light on this phenomenon (Kawamura et al., 1995). As with
work conducted at Zhongshan Station, much of the work on atmospheric fast ice drivers in this region has focused
on the roles of the overlying snow cover. This work is explained in detail in Section 2, but can be summarized
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Figure 7. A true-color composite NASA MODIS image of the McMurdo Sound region during a time of extensive fast
ice cover (26 October 2019). Fast ice is outlined in cyan. Satellite imagery from NASA Earth Observing System Data and
Information System Worldview (https://worldview.earthdata.nasa.gov/).

by noting that heavy snow appears to stabilize fast ice due to formation of snow-ice (Kawamura et al., 1997;
Ushio, 2006). Surface melt has been noted to precede breakout here (Enomoto et al., 2002).

4.3. McMurdo Sound, Victoria Land

Fast ice-atmosphere interactions have long been studied in the southern Ross Sea (165°E, 77.5°S) in the vicinity
of McMurdo Station (United States) and Scott Base (New Zealand; indicated in Figure 7), where fast ice typi-
cally forms in March—April and breaks out in the following January—February. There, fast-ice coverage extent
and duration are impacted by seasonal variability in the strength of storms (Heine, 1963), particularly during
winter (Leonard et al., 2021). Moreover, the strength of winter storms affects fast-ice conditions in the following
summer (Leonard et al., 2021). Regarding fast-ice formation, Zhai et al. (2019) show the importance of local-
and large-scale weather events and how low temperatures combined with low wind speed to promote fast-ice
formation in the northern part of Terra Nova Bay (164.5°E, 74.8°S) in September 2017. In the following month,
this ice was supplemented by strong wind-driven onshore compaction of pack ice, which developed into fast ice
with the aid of low temperatures. Such is the importance of the atmosphere in driving fast-ice variability in this
region that extensive fast ice was only observed in satellite imagery in 4 out of 15 years between 2003 and 2017.

In an early study, Prebble (1968) showed that the timing and extent of fast-ice breakout are linked to the dispersion
of protective pack ice in the Ross Sea (see also the study of Massom et al., 2018). Crocker and Wadhams (1989a)
found that thermal decay plays only a minor role in fast-ice breakup/retreat in the region, with wind-induced
tensile failure being the only likely mode of fracture for most of the year and ocean swell being a dominant influ-
ence during summer. Katabatic winds peaking in July-August are a key cause of winter breakouts, which also
dictates interannual variability in growth periods and seasonal variability of thickness (Cozzi, 2014).

4.4. Other Locations

Strong fast ice-atmosphere linkages are also apparent in other Antarctic sectors. For example, Massom et al. (2009)
showed in a study covering 1992-1999 how wind direction is a major determinant of strong interannual variabil-
ity in the large area of annual fast ice on the Adélie Land coast off the French station Dumont d’Urville (shown
in Figure 8). This study further implicated strong and persistent southeasterly winds in very low fast-ice coverage
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Figure 8. A true-color composite NASA MODIS image of the Mertz Glacier region during a time of extensive fast ice
cover (29 September 2019). Fast ice is outlined in cyan. Satellite imagery from NASA Earth Observing System Data and
Information System Worldview (https://worldview.earthdata.nasa.gov/).

observed in US Argon spy satellite images from August and October 1963. The importance of wind direction
in this region is further highlighted by Z. Wang, Turner, et al. (2014), who found that cyclone-induced winds
caused ice compaction and rapid development of fast ice near the coast at 144°E (aided by the large grounded
iceberg B9B; Leane & Maddison, 2018). Moving to the west, a major breakup of multi-year fast ice in Porpoise
Bay (near 128°E) in 2007 was attributed to both atmospheric circulation anomalies in December 2005 which
weakened the ice through a combination of surface melt, and a change in the wind direction prior to breakup
(Miles et al., 2017). On the Antarctic Peninsula, Massom et al. (2018) and Wille et al. (2022) have further shown
the importance of persistent warm northerly winds (“atmospheric rivers”) in the anomalous breakup of fast ice
adjacent to the Wilkins and Larsen A and B ice shelves, aided by wind-driven pack ice removal and exposure to
ocean waves. The importance of wave action in fast ice breakup was also highlighted by Herman et al. (2021) in a
case study of the flow-size distribution in the vicinity of the Shackleton Ice Shelf. In a long-term study conducted
over 2010-2019 in Atka Bay (7.5°W) in the Weddell Sea (see Figure 9), S. Arndt et al. (2020) found snow accu-
mulation to be a major factor in fast-ice formation in the bay, with a significant role being played by flooding
of the snow-ice interface (related to heavy snowfall and air temperature). In this location, strong easterly winds
govern the snow accumulation on fast ice, and also trigger its breakup in summer.

4.5. Large-Scale Effects

While the multiple studies above highlight the key role of atmospheric processes in forging the Antarctic coastal
fast-ice environment, relatively few studies have investigated the relationships between fast ice and large-scale
atmospheric variability, for example, the Southern Annular Mode (SAM) and El Nifio-Southern Oscillation
(ENSO). A general limitation for this aspect of fast-ice research, as for pack ice studies, has been the length of
records available for large-scale comparisons, with most direct observations of Antarctic fast ice commencing in
the late 1950s, and high-quality satellite data and global reanalyses only becoming available since the late 1970s.

A unique and particularly important record for long-term studies of large-scale atmospheric influences on fast
ice in the Antarctic region has been accumulated since 1903 at the South Orkney Islands in the northwestern
Weddell Sea (Murphy et al., 1995, 2014). This record, which records the start and end dates when the local fast
ice is estimated as supporting the weight of a typical “scientist,” shows time-varying multi-year periodicity which
has non-stationary relationships with either ENSO or SAM. The timing of annual fast-ice breakout is influenced
by westerly/north-westerly winds associated with the SAM, while the formation date is influenced by regional
oceanic and sea-ice conditions in the preceding 18 months. The latter aspects suggest that preconditioning of
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Figure 9. A true-color composite NASA MODIS image of Atka Bay during a time of extensive fast ice cover (10 October
2020). Fast ice is outlined in cyan. Satellite imagery from NASA Earth Observing System Data and Information System
Worldview (https://worldview.earthdata.nasa.gov/).

local conditions due to the influence of ENSO can occur over the preceding summer and winter seasons. However
and due to the non-stationarity of correlations with climate patterns, Murphy et al. (2014) note that caution is
needed in interpreting the influence of teleconnections in the region using records of only a few decades in length.

Further afield, three studies have examined large-scale atmospheric influences on fast ice in East Antarctica.
In their analysis of Adélie Land fast ice in 1963 and 1992-1999, Massom et al. (2009) showed how the greater
prevalence of strong winds from the south-southeast and associated with a positive SAM led to a relatively low
fast-ice extent in certain years (1998 and 1999), by breaking up the fast ice and dispersing it seawards. In contrast,
prevailing winds with more of an easterly component tended to create more extensive fast ice by pushing pack
ice into the region to dynamically supplement the fast-ice coverage there. Massom et al. (2009) also found no
conclusive relationship between ENSO and Adélie Land fast ice, with below-average fast-ice extents coinciding
with both La Nifia (1998 and 1999) and El Nifio (1963 and 1993), while well above average fast-ice extent and
persistence in 1994 also coincided with an El Nifio event.

In Liitzow-Holm Bay, Aoki (2017) described a significant positive correlation between the latitude of the fast-ice
edge over 1997-2016 and sea surface temperatures in the eastern equatorial Pacific region, indicating a linkage
with ENSO. The proposed mechanism of the linkage follows other previous studies of teleconnections from
ENSO in the region that is, atmospheric circulation off Dronning Maud Land is influenced by a Rossby wave
train that propagates eastward and poleward from the eastern Pacific. This favors clearer skies near the Antarctic
coast in summer, heating the surface ocean and reducing sea-ice coverage through autumn—to expose the coastal
region to ocean swells and coastal currents that reduce local fast-ice coverage in winter (shown in Figure 10). As
noted by Aoki (2017), the mechanism by which large-scale atmospheric processes affect the extent and rapidity
of fast-ice breakup in Liitzow-Holm Bay suggest a complex interplay between atmosphere and ocean interactions
which may have wider relevance to attributing observed fast-ice variability in other Antarctic coastal sectors. In
another study from the Indian Ocean sector, Fraser (2011) found an overall correlation of 0.45 between coastal
fast-ice extent and the Southern Oscillation Index for 9 years (2000-2008).

4.6. Gaps in Our Knowledge of Fast Ice-Atmosphere Interactions

As discussed in this section, the atmosphere is a key domain in forcing and responding to environmental influ-
ences of fast ice. There has been much progress in understanding interactions between fast ice and the atmos-
phere, but the following areas stand out as requiring particular future focus.
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Figure 10. Summary of the large-scale atmospheric teleconnection process that favors reduced winter fast-ice near Syowa station in East Antarctica, according to
findings by Aoki (2017). (a) Anomalous warm ocean temperatures in the tropical eastern Pacific Ocean in austral summer (NDJ) provide a teleconnection to Dronning
Maud Land in Eastern Antarctica via a train of Rossby waves. (b) The resulting clear skies in the sea-ice zone near Syowa Station produce anomalous northerly winds,
which reduce sea-ice extent in autumn (MAM) and favor enhanced winter fast-ice breakout.

There remains a strong need to continue and expand local studies of fast ice processes and their atmospheric
interactions. New insights are likely to be gained by comprehensive automated measurements of basic variables
such as in-situ temperature, brine concentration and heat flux, as well as regular synoptic measurements of the
near-surface atmosphere and sub-ice water column. In this regard, automated stand-alone imaging systems (such
as visible-light and near-infrared cameras) to obtain contextual data, and the use of drones and other deployable
systems for remotely operated measurements, are likely to be particularly useful.

The large-scale climate modes evidently play a role in regionally influencing fast-ice properties such as extent
and duration. This aspect has flow-on effects back the atmosphere. For example, as fast ice changes the size and
locations of coastal polynyas, fast-ice distribution can locally influence heat fluxes from the ocean to the atmos-
phere in coastal regions. However, the apparent non-stationarity of the large-scale and local processes involved
in the interactions between fast ice and the atmosphere, as well as the relative lack of long-term data sets,
continue to pose challenges in developing an Antarctic-wide understanding. Further studies are needed to tease
out the processes and climate system interactions responsible, particularly using circum-Antarctic data sets and
atmosphere-ocean-sea ice model simulations. The latter component is considered in Section 5.

5. Ocean and Meteoric Ice Interactions With Fast Ice

Antarctic fast ice has complex, bi-directional links with physical aspects of the Southern Ocean. On the one
hand, fast-ice formation and breakout (when fast ice breaks away to become pack ice; see also Sections 3 and 4
of this Review), as well as changes in thickness, are directly influenced by near-surface ocean properties such as
temperature and salinity (e.g., Brett et al., 2020), as well as remote glaciological interactions such as platelet ice
formation and accretion due to the creation of supercooled water underneath upstream ice shelves (as detailed in
Hoppmann et al., 2020). On the other hand, the distribution of fast ice (shown in Figure 4 in Section 3) can drive
changes in physical ocean properties, including the concentrated production of sea ice and subsequent formation
of Dense Shelf Water (DSW) in persistent regions of open water adjacent to the coast known as coastal polynyas
(Fraser et al., 2019), and modulate the on-shelf properties of Winter Water (WW) and modified Circumpolar
Deep Water (mCDW; Herraiz-Borreguero et al., 2015; Kusahara et al., 2021). A summary of our understanding
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Figure 11. Schematic representation of wintertime fast ice-ocean-atmosphere interaction, based on the Mawson Coast/Prydz Bay region, East Antarctica. (a): Plan
view indicating the location of fast ice (white) and the Amery Ice Shelf (light blue). Fast-ice distribution is controlled by the location of grounded icebergs (indicated
as small blue polygons here). Coastal polynyas are outlined in dashed white lines, and form in the oceanic and atmospheric lee of both fast ice and the Amery Ice Shelf.
(b): Transect along 70.5°E, chosen to highlight a range of coastal elements, including seasonal fast ice to the east of Cape Darnley, bounded by coastal polynyas to the
northwest and southeast. This panel also highlights many interactions between fast ice and physical ocean properties detailed in the text. AABW is Antarctic Bottom
Water. CDW is Circumpolar Deep Water. DSW is Dense Shelf Water. HSSW is High Salinity Shelf Water. ISW is Ice Shelf Water. Coastline and topographic data are
from BedMachine version 3 (Morlighem et al., 2017).

of these links is provided in this section (and graphically depicted in Figure 11), along with coverage of the
importance of the mechanical coupling between fast ice and floating glacial ice including ice shelves and glacier
tongues.

5.1. Fast Ice-Ocean Interaction Observations

Strong offshore (primarily katabatic, as detailed by Huot et al., 2021) winds flowing out from the continent push
pack ice away from the coast, forming regions of open water called coastal or latent-heat polynyas (Barber &
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Massom, 2007; Morales Maqueda et al., 2004). These polynyas are “hot spots” of heat transfer between the ocean
and the atmosphere (e.g., Tamura et al., 2016), and are associated with fast ice in several ways:

e The presence of fast ice (and glacier tongues) is an important element for the formation of most Antarc-
tic coastal polynyas by preventing the general westward (or northward along Victoria Land, ~165°E, 75°S)
advection of sea ice in the Antarctic Coastal Current (ACoC, depicted in Figure 11), thus enlarging coastal
polynyas and encouraging higher sea-ice production; (Fraser et al., 2019; Massom, Hill, et al., 2001; Nihashi
& Ohshima, 2015). High rates of sea-ice production can lead to the formation of DSW, which is a precursor
to the formation of AABW in some regions (if it is able to overflow from the continental shelf into the deep
ocean; Ohshima et al., 2013; Williams et al., 2010);

¢ Coastal polynyas are areas of intense frazil ice formation (e.g., Nakata et al., 2021; L. Thompson et al., 2020),
some of which is incorporated into downstream fast ice (Massom, Hill, et al., 2001);

e High Salinity Shelf Water (HSSW) formation and buoyancy loss from intense sea-ice production within
coastal polynyas during winter (Herraiz-Borreguero et al., 2015) primes the water column for thermohaline
circulation and transports heat energy from the ocean surface. If the resulting HSSW is able to access a sub-ice
shelf cavity, it can drive basal melting of ice shelves (Jacobs et al., 1992, see Figure 11c); and

e As described in Section 2.1.1, supercooled ISW can be formed as a result of the HSSW melting the base of
the ice shelf. The ISW is relatively fresh and rises along the basal slope of the ice shelf, becoming in situ
supercooled as the pressure decreases. Frazil ice can form within the ISW plume and grow into larger platelet
ice crystals. Platelet ice can freeze onto the base of nearby fast ice and increase its thickness by accumulating
into a porous mass of unconsolidated crystals called an SIPL (Langhorne et al., 2015; Hoppmann et al., 2020).
This mechanism is enhanced during times of strong offshore winds and high polynya activity, and the thick-
ness of the consolidated platelet ice and the SIPL can provide a metric for the volume of supercooled ISW
outflowing for a given year (Brett et al., 2020).

In the case of thermodynamically-grown fast ice, the maximum thickness of fast ice in the Southern Ocean is
influenced by heat exchange with the ocean, and thus upper ocean stratification (Maksym, 2019). In regions away
from the influence of platelet ice, a typical average winter oceanic heat flux of 0-2 W m~2 (i.e., a positive oceanic
heat flux) is observed, for example, in the Prydz Bay region (75°E, 68°S; Heil et al., 1996; Lei et al., 2010). This
positive ocean heat flux increases in spring (to about 20 W m~2), often due to solar heating of the upper ocean in
nearby regions of low sea-ice concentration. Heil et al. (1996) show that average annual oceanic heat flux corre-
lates with maximum fast-ice thicknesses, with a decrease from 11 to 6 W m~2 leading to an increase in thickness
from 1.3 to 1.8 m. In regions where platelet ice is not observed, summer ocean heat fluxes under fast-ice in the
Amundsen Sea (centered on ~115°W) are of similar magnitude, averaging 17-19 W m~2, and variable because
of episodes of deep water upwelling (Ackley et al., 2015).

As discussed in Section 2, platelet ice is widely considered to be a component of fast ice in most regions around
Antarctica, although observations are sparse and focused upon centers of human activity (see distribution
in Figure 4 of Hoppmann et al., 2020). Platelet ice is associated with a negative ocean heat flux (Langhorne
et al., 2015), that is, there is an apparent flow of heat from ice to ocean. Consequently, fast ice that includes a
component of platelet ice is thicker than it would otherwise be (Hoppmann, Nicolaus, Hunkeler, et al., 2015;
Hoppmann, Nicolaus, Paul, et al., 2015; L. J. Smith et al., 2012). For example, for first-year ice close to the
McMurdo Ice Shelf, at least 0.25 m of the 2 m thick fast ice cover formed due to heat loss to the ocean (Gough
et al., 2012; Purdie et al., 2006; Trodahl et al., 2000). Similarly, multiyear fast ice attached to the MGT (145°E,
67°S), was estimated to be between 10 and 55 m thick, and frazil accumulation must have contributed to its
thickness (Massom et al., 2010).

Sea-ice thickness (including fast ice) is also influenced by the stabilization (stratification) of the upper water
column in front of an ice shelf by the production of meltwater in deep ice shelf cavities. Using an ocean model
with ice shelf cavity thermodynamics, Hellmer (2004) predicted that sea ice is up to 0.2 m thicker because deep
convection is reduced, causing less heat transfer to the ocean surface and increasing sea-ice thickness. Since ice
shelves occupy approximately half of the coastline (Fretwell et al., 2013), meltwater from the continent has the
potential to affect large areas of the Southern Ocean.

As detailed in Hoppmann et al. (2020), platelet ice is a common feature in the western Ross Sea, particu-
larly McMurdo Sound (165°E, 77°S) and Terra Nova Bay (e.g., 165°E, 75°S; Langhorne et al., 2015; Vacchi
et al., 2012, and references therein), in Atka Bay in the southeastern Weddell Sea (7.5°W, 70.5°S; e.g., S. Arndt

FRASER ET AL.

27 of 68

8518017 SUOWIWIOD aAIIERID 3|qeoldde au) Aq peuRA0b 818 SO VO ‘SN JO SBIN 10} AXRIq1T 8UIIUO AB]IA LD (SUONIPUOO-PUR-SULBIALID A8 |IMAlRIg 1 jBU U0//:SdNY) SUOTPUOD Pue Swie 1 8y} 88S *[£202/80/9T] U0 ARiqITauIuO AB|IM ‘luwn|y 8prRPY JO AISIBAIUN A] 022000942202/620T OT/I0p/L0Y™A8 | Aiq 1 jpuluo'sqndnBe//sdny Wwoiy pepeolumoa ‘2 ‘€202 ‘80267Y6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2022RG000770

et al., 2020; Giinther & Dieckmann, 1999, and references therein), and in East Antarctica (e.g., Moregki, 1965;
Penrose et al., 1994). In 1992, in the earliest fast-ice observation in the Amundsen Sea, Veazey et al. (1994)
reported platelet ice only in a small portion of a single core. With this exception, there are no observations
of platelet ice in the Amundsen and Bellingshausen seas (centered on ~80°W) and along the Sabrina Coast
(115°E-122°E; Hoppmann et al., 2020), probably because the continental shelf in these areas experience incur-
sions of relatively warm Circumpolar Deep Water (CDW; Jacobs et al., 2011).

For a number of reasons, as detailed in Hoppmann et al. (2020), platelet ice may even be absent in close proximity
to ice shelf cavities that are cold enough to produce ISW. The absence of platelet ice observations in front of parts
of the Filchner—Ronne (centered on ~55°W, 79°S) and the Ross (centered on ~178°W, 81°S) ice shelves (Jacobs
et al., 1985; Jeffries & Adolphs, 1997) are examples.

5.2. Numerical Modeling of Fast Ice and the Impact on Antarctic Coastal Environments

The horizontal spatial scale of Antarctic fast ice ranges from a few to ~200 km (Fraser et al., 2012; see Figure 6
of this review for scale). Since the horizontal resolution of ocean components in current-generation climate
models, which are used for centuries-long simulations and projections, is approximately one degree, fast ice and
its effects have not been represented in such numerical models. However, recent satellite observations suggest
that fast ice plays a vital role in shaping the icescape in polar coastal environments (Fraser et al., 2012; Nihashi
& Ohshima, 2015), being particularly critical in locations of coastal polynyas, dense water formation, and the
associated surface fluxes between atmosphere and ocean. Several modeling studies have demonstrated that differ-
ent treatments of Antarctic coastal ocean grid points which should be covered with fast ice can have pronounced
impacts on the accurate simulation of deep water formation and ocean thermohaline circulation (Hellmer, 2004;
Kusahara & Hasumi, 2014; Stossel et al., 2007).

Numerical modeling of fast ice as a component of sea ice models is comparatively advanced in the Arctic,
compared to the Antarctic. Recent Arctic sea-ice modeling studies (Lemieux et al., 2015; Lemieux et al., 2016)
introduced a basal stress parameterization and modification of sea-ice tensile strength (Konig Beatty &
Holland, 2010) to incorporate the sea-ice anchoring effect in shallow regions. This combination of the two modi-
fications successfully reproduced the distribution of fast ice in several Arctic coastal regions. The addition of
tidal currents further enhanced the realism of fast-ice simulation, by more realistically representing the ocean-ice
stress field (Lemieux et al., 2018). On the Antarctic continental shelf, the presence of grounded icebergs plays a
dominant role in the formation of fast ice (Fraser et al., 2012; Massom, Hill, et al., 2001), thus introducing another
element of complexity when aiming for accurate prognostic modeling of Antarctic fast ice. As a first effort to
include the dynamic effects of fast ice without dealing with the complexities of its prognostic modeling, several
regional studies that include the blocking effect of sea ice by prescription of grounded icebergs have simulated
the effects of fast-ice distribution to some extent (Kusahara et al., 2010), and others have prescribed a realistic
(although static) fast-ice cover based on observations (Cougnon et al., 2017; Kusahara et al., 2017, 2021), in order
to enhance the realism of their simulations.

Recent work (Huot et al., 2021; Van Achter, Fichefet, Goosse, & Moreno-Chamarro, 2022; Van Achter, Fichefet,
Goosse, Pelletier, et al., 2022) has demonstrated the significant achievement of realistic prognostic Antarc-
tic fast-ice simulation in regional high-resolution sea ice-ocean models with a spatial resolution of approxi-
mately 2 km for the first time, by combining the modified tensile strength parameterization of Konig Beatty
and Holland (2010) and Lemieux et al. (2016) together with a relatively simple “fastening” mechanism whereby
grounded icebergs are prescribed as single grid cell “islands” (but without dynamic or thermodynamic interac-
tions with the ocean in the case of Huot et al., 2021). The latter study used their realistic fast-ice simulation to
study in detail the effects of increasing the resolution of the atmospheric forcing component of the model, finding
that their model was able to accurately reproduce the location and strength of sea-ice production. Van Achter,
Fichefet, Goosse, Pelletier, et al. (2022) and Van Achter, Fichefet, Goosse, and Moreno-Chamarro (2022) stud-
ied the effects of realistic fast ice on the basal melt of the adjacent Totten and Moscow University ice shelves
(~112°E~122°E, 67°S) in present-day and future warming conditions. Both analyses greatly benefited from more
realistic on-shelf ice-ocean interaction made possible with prognostic fast ice. These studies have paved the way
for prognostic Antarctic fast-ice simulation, and point to the future of high-resolution coastal sea ice-ocean model
studies where the inclusion of fast ice becomes the rule, rather than the notable exception. At present, there are
no circum-Antarctic studies with simulated fast-ice, but with the recent release of a data set of high resolution,
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satellite-based circum-Antarctic fast ice distribution (Fraser et al., 2020) which has the potential to be used as a
validation data set, it is expected that such circumpolar fast ice modeling studies will be conducted in the near
future.

From a physical oceanographic perspective, the presence of fast ice largely modifies surface fluxes of momen-
tum, heat, and freshwater. Figure 11 depicts the major oceanographic features that influence fast ice. In the rest of
this subsection, we review studies that have focused on the physical roles of fast ice and its impact on Antarctic
coastal environments.

5.3. Regional Effects of Fast Ice on Ocean Conditions

The Southern Ocean is characterized by a predominant westerly wind regime at latitudes of about 55°S, and
experiences the frequent passage of eastward-traveling extra-tropical cyclonic systems. Further south, along the
Antarctic coast, south-easterly katabatic-driven winds predominate over the coastal margin throughout the year,
with a maximum wind speed occurring in winter and a minimum in summer (Budd, 2004). The momentum input
to the ocean associated with these south-easterly near-coastal (and, further to the north, easterly) winds is the
driving force for the ACoC and Antarctic Slope Front (ASF) current (see Figure 11), located on the shelf and just
offshore of the shelf break regions, respectively (A. F. Thompson et al., 2018).

Since fast ice is horizontally immobile, its presence prohibits wind stress input to the ocean, and this has impacts
on the ocean structure and currents. The presence of fast ice leads to logistical difficulties for in situ observa-
tion of the ocean below fast ice. Under such circumstances, Liitzow-Holm Bay in East Antarctica (centered on
~37°E, 69°S), Ryder Bay on the West Antarctic Peninsula (68.5°W, 67.5°S), and Atka Bay serve as examples of
well-studied areas where fast-ice cover is well established, and is relatively easy to access from coastal stations.
At these locations, there are oceanographic data near or under fast ice that cover a relatively extensive area
(Liitzow-Holm Bay) or for multi-year (Ryder Bay and Atka Bay). As a result, the relationship between fast-ice
cover and oceanic variability has been relatively well studied. In this subsection, we focus on these regions and
describe the related literature below.

Along the Antarctic coastal margins, stronger alongshore wind stresses in autumn and winter increase Ekman
convergence (downwelling), thickening the WW layer, and weaker wind stresses in the summer season relax the
Ekman convergence, leading to a relatively thin WW layer. In a regional study of Liitzow-Holm Bay (depicted
in Figure 6), Hirano et al. (2020) pointed out that this mechanism can be used to explain seasonal changes in the
thickness of the CDW below the WW layer, which intrudes from the shelf break to the bay. Kokubun et al. (2021)
also confirmed, from biologging data (Weddell seals), the seasonal cycle of the WW over the relatively extensive
region from 35°E to 50°E. Observational and theoretical studies (Ohshima, 2000; Ohshima et al., 1996) revealed
that the distribution of fast ice plays a critical role in the direction and magnitude of sub-seasonal coastal current
under the fast ice, using in situ current observations and wind-driven shelf wave theory including the insulation
effect of wind stresses by the fast-ice cover.

Kusahara et al. (2021) performed numerical experiments of an ocean-sea ice-ice shelf model with and without
fast-ice cover in Liitzow-Holm Bay. By this combination of experiments, the authors were able to examine the
roles of fast-ice interactions with the ocean and cryosphere. In their model, fast-ice covered regions were treated
as thin ice shelf grid cells, and there were no dynamical or thermodynamical atmosphere-ocean interactions,
except for realistic representation of freshwater flux to the ocean based on the basal melt rate of fast ice. In the
experiment without fast-ice cover, the newly-formed cold and saline water mass associated with winter sea-ice
production in the bay destratified the local water column. On the other hand, multi-year fast ice (in the experiment
with fast-ice cover) contributed to strengthening the stratification in the bay by a combination of a very effective
thermal insulating effect and stratification from the surface input of meltwater, from the basal melt of the fast ice.
The difference in the ocean stratification between the two experiments plays a major role in regulating regional
coastal water mass transport and formation, impacting ice-ocean interaction at the Shirase Glacier located in the
southern part of the bay.

Brearley et al. (2017) showed from multi-year mooring observation that in Ryder Bay, the presence or absence
of fast ice causes significant differences in the ocean mixing between surface and subsurface waters, affecting
the ocean stratification and heat content. In the absence of fast ice, wind stress on the ocean surface enhances the
mixing of Antarctic Surface Water (AASW) and CDW, whereas in the presence of fast ice, mixing is not excited,
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and thus the mixing of surface and subsurface waters is suppressed. Inall et al. (2021) also showed that while fast
ice suppresses the total turbulence in the ocean beneath it, tides can excite turbulence in a thin boundary layer just
below the fast ice, which is comparable in magnitude to wind-driven turbulence in a fast ice-free surface. This
indicates that fast ice plays a dual role in insulating wind-driven turbulence input to the ocean while providing a
solid boundary for generating tidal turbulence.

S. Arndt et al. (2020) found that summertime warm AASW formed in sea ice-free areas in front of the fast ice is
responsible for regulating the summer evolution of fast ice in Atka Bay (depicted in Figure 9). The easterly wind
pushes the warm surface water in summer under the fast ice. This mechanism is similar to mode 3 melting that
Jacobs et al. (1992) introduced to account for ice-shelf basal melting. Since it is much thinner than the Antarctic
ice shelf, fast ice is more vulnerable to ocean surface conditions interacting with the atmosphere, compared to
an ice shelf.

5.4. Couplings Between Fast Ice and Ice Shelves

In this section, we provide a brief overview of current knowledge of potentially-important and region- and
season-dependent roles of fast ice in modulating the dynamics, extent and stability of floating ice-sheet margins
around Antarctica, based largely on satellite observations. Evidence for strong mechanical coupling comes from
the MGT in East Antarctica (Massom et al., 2010), where a large slab of perennial fast ice estimated to be up to
at least 25 years old and tens of meters thick remained attached to the eastern glacier-tongue flank until the MGT
calved in 2010. Time series analysis of satellite SAR images from 1997 to 2007 showed that the fast ice advanced
with the floating glacier tongue and deformed with it, with major rift systems that originated in the MGT prop-
agating for large distances into the multi-year fast ice and persisting and co-evolving there. These factors led
Massom et al. (2010, 2015) to surmise that fast ice is an additional factor influencing the stability (i.e., increasing
the structural integrity) of floating Antarctic ice-sheet margins (including ice shelves) while also decreasing
iceberg calving (see also Wuite, 2006). At the same time, satellite SAR interferometry work around Campbell
Glacier Tongue (Terra Nova Bay) by Han and Lee (2018) has shown that glaciers can exert substantial shear
strain on fast ice.

Close temporal coincidence observed between iceberg calving events and breakouts of adjacent fast ice observed
in certain locations around Antarctica implies causality between fast ice and calving processes (calving is defined
here as the physical detachment of ice chunks from the termini of glaciers or ice shelves). W. Robinson and
Haskell (1990) identified a fast-ice breakout event as being the primary driver of a March 1990 calving of the
Erebus Glacier Tongue in McMurdo Sound (Ross Sea), via its effect in directly exposing the tongue to incom-
ing ocean swell waves that would otherwise be damped by the presence of a protective fast-ice buffer (e.g.,
Voermans et al., 2021)—with fast-ice breakout also being an apparent factor in a subsequent (2013) calving event
(Stevens et al., 2013). Unimpeded by fast ice (and surrounding pack ice), ocean swells can exert flexural strains
on ice-shelf outer margins, to potentially enlarge existing structural weaknesses there such as rifts and crevasses
(Holdsworth & Glynn, 1978), thereby increasing the likelihood of and/or triggering outer-margin fracture and
iceberg calving (Massom et al., 2018). This also depends on other ice shelf-specific factors, such as the structural
integrity and physical setting (Cook & Vaughan, 2010).

At the same time, the breakout of fast ice also enables free-floating (ungrounded) icebergs to drift away from
their calving locale. When present and due to its consolidated stationary nature, fast ice can hold such icebergs in
place, to delay/prevent their dispersal from area of origin. For example, the large iceberg created by the calving of
the Ninnis Glacier Tongue (George V Coast) in 2001 remained stationary adjacent to its calving point for at least
18 months, and only drifted away following a breakup of adjacent perennial fast ice (Massom, 2003).

The apparent key role of fast ice presence/absence in modulating iceberg calving and dispersal is further illus-
trated in other satellite-based observations from both East and West Antarctica. Miles et al. (2017) revealed a
large near-simultaneous calving of 2,900 km? of ice across six marine-terminating outlet glaciers in Porpoise
Bay (Wilkes Land, East Antarctica) in January 2007, following the breakup of adjacent multi-year fast ice. Also
in East Antarctica, a major calving of the Shirase Glacier Tongue (SGT) immediately followed a large fast-ice
breakup in Liitzow-Holm Bay (Aoki, 2017). Miles et al. (2023) confirmed the relationship between fluctuations
in the seaward extent of the SGT and fast-ice presence/absence, with periods of ice-tongue advance and length-
ening being correlated with persistent fast ice and shortening/loss events following sporadic fast-ice breakouts
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(largely in summer; see also Aoki, 2017). The effect of fast ice in limiting iceberg calving (and dispersal), thereby
enabling ice-front advance, is also shown for the Cook Ice Shelf (George V Land) by Miles et al. (2018). Further
work by Arthur et al. (2021) highlights the role of a breakout of multi-year fast ice in triggering a rapid breakup
of part of the structurally-weak Voyeykov Ice Shelf in Wilkes Land in 2007. In a similar fashion, a major calving
of the full 18 km length of the Parker Ice Tongue in Victoria Land in March 2020 coincided with anomalous
breakouts of the enclosing fast ice (Gomez-Fell et al., 2022).

Other satellite-based work (Massom et al., 2018) showed that major rapid disintegration events of the Wilkins
Ice Shelf (western Antarctic Peninsula) in 2008 and 2009 coincided with the breakup and removal of fast ice
attached to its fractured and weakened northern and northwestern fronts. These fast-ice breakout events in turn
coincided with the lack of a protective pack-ice buffer offshore; fast ice is itself vulnerable to breakup by ocean
swells (Langhorne et al., 2001), which can be damped by adjacent pack ice (e.g., Stopa et al., 2018). These obser-
vations again imply that when present, fast ice can play an important role in maintaining the structural integrity
of weakened outer margins of ice shelves whilst also protecting them from ocean swells—to decreasing the like-
lihood of ice-shelf breakup/disintegration (Massom et al., 2010, 2018). In a subsequent study in the Amundsen
Sea Embayment (2000-2018), Miles et al. (2020) showed that an increasingly fractured and weakened Thwaites
Glacier Tongue has dependency on fast ice for its structural integrity, and is therefore vulnerable to changes in
fast-ice persistence. Fast ice has also been shown to be a key factor in modulating the outer-margin stability of the
Larsen C and D ice shelves on the eastern Antarctic Peninsula by Christie et al. (2022).

Work on the Totten Ice Shelf (Greene et al., 2018) further shows that fast ice can act as a physical buttress to
modulate the seasonal dynamics of advancing ice shelves, with an annual acceleration in ice discharge following
spring fast-ice breakup. Moreover, Gomez-Fell et al. (2022) showed that in summer with its lower fast-ice cover-
age, the Parker Ice Tongue experienced higher velocities (by 11%) compared to winter. Elsewhere, there is little/
no evidence that fast ice plays any substantial role in buttressing the Shirase Glacier (Miles et al., 2023), with
Nakamura et al. (2010) recording only a minimal (0.8% + 1.3%) change in ice speed at the grounding line follow-
ing a partial fast-ice breakout event in 1998, and Nakamura et al. (2022) reporting no distinguishable ice-speed
change after a subsequent fast-ice breakout in 2017.

Taken together, the findings presented above suggest that fast-ice change has implications for the fate of Antarctic
ice-sheet margins, future ice-sheet discharge and sea-level rise (Massom et al., 2018)—but that this relationship
also has strong ice shelf-specific and seasonal dependence. Much is still to be learned, however, about the exact
nature of the fast ice-ice shelf couplings, and substantial gaps remain in our quantitative understanding of the
linkages and their model parameterization and investigation.

5.5. Infrequent Major Changes in Grounded Iceberg Distribution

Although fast-ice extent varies seasonally and inter-annually to some degree, it generally forms and breaks out
following a regular climatological pattern (Fraser et al., 2021). Off the Adélie and George V Land region, East
Antarctica (135°E-155°E), there was extensive fast ice to the east of the MGT and nearby grounded icebergs. As
detailed by Massom et al. (2010), the MGT, grounded icebergs and fast ice were closely linked, and formed the
local complex “icescape,” causing profound impacts on the ocean conditions, particularly through dense water
mass formation (Cougnon et al., 2017). In early 2010, a large portion of the MGT calved (Tamura et al., 2012)
following the ungrounding of giant iceberg B9B, which had been grounded east of the MGT for several decades
(Leane & Maddison, 2018). The MGT calving resulted in a significant breakout of the local fast ice, significantly
changing the icescape off the Adélie and George V Land region (Fogwill et al., 2016). This complete recon-
figuration in icescape has changed the locations and size of coastal polynyas, the associated sea-ice formation,
and the subsequent DSW formation (Kusahara et al., 2011, 2017; Tamura et al., 2012). Observational studies
(Lacarra et al., 2014; Shadwick et al., 2013) reported regional freshening over the Adélie Depression just after
the calving event and implicated the root causes were the local melting of a large amount of very thick fast ice
(Massom et al., 2010). Several other examples of equally dramatic icescape change exist, for example, the calv-
ing of iceberg B15A from the Ross Ice Shelf in 2001, which grounded in the southwestern Ross Sea for several
years, thus blocking the seasonal export of sea ice from McMurdo Sound and leading to anomalously extensive
fast-ice cover in the Sound (Brunt et al., 2006). This kind of infrequent event can have a significant impact on the
Antarctic coastal ocean environment. Such changes, which could potentially occur anywhere along the Antarc-
tic coastal margin (especially as ice shelf retreat progresses into the 21st century; Greene et al., 2022), make
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medium- and long-term prediction of fast-ice extent difficult, even if prognostic fast ice is incorporated into sea
ice-ocean models.

5.6. Gaps in Our Knowledge of Fast Ice-Ocean-Ice Margin Interaction

As discussed in this section, the incorporation of prognostic fast ice into regional and circum-Antarctic coupled
sea ice-ocean models is a high priority. The formation of Antarctic fast ice results from complicated interac-
tions between sea ice, ocean, atmosphere, coastal configuration, bathymetry and grounded icebergs (of which no
large-scale data set currently exists), and its accurate model representation is perhaps a more challenging prob-
lem than its Arctic counterpart. Nevertheless, as shown by Huot et al. (2021) and Van Achter, Fichefet, Goosse,
Pelletier, et al. (2022), this problem is tractable, and the benefits of solving it are numerous. Waves are another
missing component from most regional ice-ocean coupled models, and likely control the nature and timing of
fast-ice breakout in many regions (Crocker & Wadhams, 1989a). A further benefit in simulating wave-ice inter-
action is that the resulting wave field incident upon ice shelves may also be used for studies of ice shelf-wave
interaction (including wave-induced flexure, calving and disintegration; Teder et al., 2022).

6. Biogeochemical Sources, Pathways and Sinks in Antarctic Fast Ice

In this section we aim to show that in terms of biogeochemistry, fast ice is differentiated from pack ice due to its
proximity to coastal sources of nutrients. This proximity to the coast and several Antarctic bases has also allowed
more time series experiments to be carried out on fast ice compared to pack ice, although these temporal studies
do remain short-lived (<1 month) relative to the duration of fast ice (often >9 months). Data emanating from fast
ice time series experiments therefore allow an easier parameterization of biogeochemical models than pack ice
data, as well as comparison between field data and model outputs. Fast ice, being more likely to be multi-year,
allows higher accumulation of nutrients, ice-associated (sympagic) algae and carbon including exopolysaccha-
rides (EPS), leading to a “high nutrient high chlorophyll paradox.” The higher biomass relative to first-year pack
ice may also lead to greater fluxes of climate relevant gasses per unit area of fast ice. Conversely, and highlighting
the complexity of this dynamic environment, greater mean thickness of multi-year fast ice compared to pack ice
with lower internal permeability due to insulation may impact the exchange between the overlying atmosphere
and sympagic algae or the underlying water column.

6.1. Nutrients
6.1.1. Macronutrients

The major source of nutrients to Antarctic fast ice is seawater, with a small contribution from the atmosphere
(Duprat et al., 2019; Nowak et al., 2018). Surface water macronutrient concentrations in autumn are influenced by
vertical mixing with circumpolar deep water (CDW) as well as the degree of biological nutrient uptake by phyto-
plankton blooms in the preceding summer season and subsequent remineralization of the organic matter produced
in seawater (Henley et al., 2017, 2020). Turbulent mixing via wind and stronger tidal currents on the coast can
also contribute to this flux (Brearley et al., 2017; Inall et al., 2021), even when fast ice sits atop. Incorporation
of nutrients via platelet layers can contribute to the higher stocks in fast ice than pack ice (Arrigo et al., 1995) in
regions close to or downstream of ice shelves (Giinther & Dieckmann, 1999). Nutrient concentrations in basal
fast ice are generally much larger than in upper or internal layers where concentrations occasionally fall below the
detection limits of the analytical instruments (Lim et al., 2019).

6.1.2. Iron

The vertical profiles of the micronutrient dissolved iron (DFe) in fast ice generally show strong basal enrichment
and may also display surface enrichment (Duprat et al., 2019; Grotti et al., 2005; van der Merwe et al., 2011).
Particulate iron (PFe) often has an L-shaped vertical profile, displaying a pronounced basal ice enrichment
that generally correlates positively with chlorophyll-a (Chla) and particulate organic carbon (POC) (Duprat
et al., 2019; Grotti et al., 2005; van der Merwe et al., 2009, 2011). While both pack and fast ice rely on active
uptake and incorporation into internal or external pools within sympagic algae communities to recreate the
observed distribution of DFe and PFe, the ambient seawater concentration near coastal fast ice results in higher
Fe enrichment in basal fast ice compared to pack ice (Lannuzel et al., 2016). This particularly high PFe content
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stems from the proximity of fast ice to coastal sources like subglacial discharge of meltwater (Duprat et al., 2019)
and resuspension of marine sediments (Grotti et al., 2005), which are generally enriched in coastal waters in
comparison to dust sources in the overlying atmosphere. The main source of Fe to fast ice is from below (as for
other nutrients), although dust supply from ice-free areas such as the McMurdo Dry Valleys (De Jong et al., 2013)
and the Vestfold Hills (Duprat et al., 2019) can be deposited atop fast ice. This atmospheric Fe may eventually
percolate through the fast-ice cover when brine volume fraction increases, and become available for biological
uptake by sympagic algae communities.

Ligands include a wide range of molecules which bind to DFe due to attraction between their negative charge and
the positive charge of DFe. This binding prevents particle scavenging and conversion to the particulate fraction,
and therefore increases the availability of DFe in sea ice for sympagic algae. Ligands may be of organic and/
or inorganic origins, and include EPS (see below), humic substances (Hassler et al., 2020; Laglera et al., 2020;
Powell & Wilson-Finelli, 2003), and siderophores (Velasquez et al., 2011). Aeolian (i.e., wind-carried) deposi-
tion and glacial meltwaters may also supply Fe-binding ligands along the Antarctic coast and therefore, to fast ice
(Genovese et al., 2023; Gerringa et al., 2012; Hassler et al., 2020). Regardless of their origin and nature, Antarctic
fast ice exhibits high concentrations of Fe-binding ligands (Genovese et al., 2023; Lannuzel et al., 2015) relative
to Antarctic seawater (Southern Ocean Ligand Collection; A. J. Smith et al., 2022). When fast ice melts in spring
and summer, it has the potential to enrich seawater with DFe and ligands, thereby increasing Fe availability and
boosting local phytoplankton productivity (De Jong et al., 2013; Duprat et al., 2019; van der Merwe et al., 2011).
Such Fe fertilization events from fast ice are not restricted to summer, with large-scale blooms also confirmed in
autumn from satellite images and in situ measurement off Cape Darnley (Lieser et al., 2015).

6.1.3. Nutrient Limitation

It is assumed that nutrients are not limiting for fast-ice algae and that instead, light availability generally controls
the spatial distribution of ice algae (Cota et al., 1991). However, nutrient levels can become limiting toward
the end of the bloom season as algae biomass peaks, typically in summer. Vertical sampling of fast ice from
McMurdo Sound also revealed evidence of progressive nutrient limitation with distance above the ice/water
interface (McMinn, Skerratt, et al., 1999). This is especially the case for silicate which tends to become depleted
much faster than nitrate and phosphate based on time series observations carried out in fast ice at Casey (van der
Merwe et al., 2009), Dumont d’Urville (Roukaerts et al., 2021) and Davis (Lim et al., 2019) research stations.
Empirical silicate uptake studies as well as biogeochemical modeling suggest that silicate demand by fast-ice
diatoms is much higher than for open ocean diatoms, with half saturation constants of 50-60 pM measured
(Arrigo & Sullivan, 1994; Arrigo et al., 1993; Lim et al., 2019; Saenz & Arrigo, 2012, 2014) relative to 3.9 pM
in the ocean. Iron is generally not considered limiting for ice algae in fast ice (Duprat et al., 2019; van der Merwe
et al., 2009) although sea-ice algae Fe uptake rate experiments have yet to be carried out.

6.2. Organic Matter

Organic matter concentrations in fast ice can be several orders of magnitude higher than in seawater or pack
ice (Herborg et al., 2001; Thomas & Dieckmann, 2002; Thomas et al., 2001). This organic matter can either be
produced in sea ice in situ via biological activity or originate from seawater and become trapped during sea-ice
formation (Giannelli et al., 2001).

6.2.1. Dissolved and Particulate Organic Carbon (DOC and POC)

DOC has been observed with generally consistent concentrations along vertical sea-ice horizons due to incor-
poration during formation (e.g., 30.5 + 21 pM; van der Merwe et al., 2009), but also enhanced within basal and
platelet ice (e.g., 1,277 pM; Cozzi, 2008) coincident with sympagic algae growth. The particulate fraction gener-
ally displays a similar L-shaped vertical profile to Chla (Meiners et al., 2018). POC maximum concentrations
were observed in the lower 5-10 cm of fast ice collected in East Antarctica (e.g., 2,100 pM in van der Merwe
et al. (2011); 3,270 pM in Lim et al. (2019); 2,600 pM in Roukaerts et al. (2021)) and Terra Nova Bay in the
Ross Sea (2,767 pM in Cozzi & Cantoni, 2011). The lowest 3 cm of ice, that is, the ice-ocean interface layer, may
display POC concentrations up to 25,000 pM (Roukaerts et al., 2021) coincident with pronounced green-brown
discoloration.
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6.2.2. Exopolysaccharides (EPS)

EPS are organic molecules produced by sea-ice algae and bacteria, occurring externally to the cells. EPS span
across multiple size ranges from dissolved (<0.4 pm) to particulate (>0.4 pm) size fractions (Verdugo et al., 2004).
EPS are hypothesized to facilitate cryoprotection in this salinity and temperature-extreme environment (Krembs
et al., 2011). However, the production of EPS in fast ice, and sea ice generally, may go beyond cryoprotection.
EPS are negatively charged (Kaplan et al., 1987), potentially favoring the retention of positively charged ions such
as dissolved Fe?* and Fe3* in sea ice (Meiners & Michel, 2017) and helping explain the high Chla—high nutrients
paradox observed in fast ice for some elements (see below).

Particulate EPS can constitute, on average, 50% of POC, and was found to correlate significantly with both POC
and Chla (van der Merwe et al., 2009) therefore suggesting an algal origin of sea-ice EPS (Aslam et al., 2016).
Therefore, particulate EPS tends to accumulate through the growth season due to and coincident with the sympa-
gic algal community (van der Merwe et al., 2009). As a result, multi-year fast ice, with high POC and Chla and
multiple seasons of autochthonous EPS production should lead to higher concentrations of EPS than in first year
pack ice. However, targeted studies are required in multi-year Antarctic fast ice to quantify the particulate but also
the potentially large dissolved EPS fraction.

6.3. High Nutrients—High Chla Paradox: The Role of Microbial Biofilms

In the surface ocean, proxies of algal biomass (e.g., Chla and POC) are generally negatively correlated with
dissolved nutrient concentrations due to phytoplankton uptake of nutrients for growth. This inverse correlation
has also been observed in Antarctic pack and fast ice between proxies of algal biomass and dissolved Fe (normal-
ized to brine volume, van der Merwe et al., 2009). However, in a paradox somewhat unique to sea ice with high
biomass accumulation, a co-occurrence of high concentrations of Chla (and POC) and macronutrients has been
observed in basal Antarctic fast ice (Fripiat et al., 2015; Lim et al., 2019; Riaux-Gobin et al., 2013; Roukaerts
et al., 2021; Thomas & Dieckmann, 2002; van der Merwe et al., 2011). This paradox has made realistic sea-ice
biogeochemistry model simulations of both Chla and nutrients difficult in fast ice. As more nutrients are supplied
than utilized, an alternative internal source of nutrients may be unaccounted for. Roukaerts et al. (2021) used a
combination of time series field data and Nutrient, Phytoplankton, Zooplankton and Detritus (NPZD) modeling
to put forward the potential role of biofilms in reconciling the high Chla, high nutrients paradox observed in
Antarctic fast ice. The biofilm concept allows both nutrient uptake by sea-ice autotrophs and simultaneous and
coincident recycling by sea-ice heterotrophs within sub-centimeter scales. The biofilm therefore leads to a mutu-
alistic interaction between autotrophs and heterotrophs in fast ice. The high nutrient, high Chla feature may also
occur in pack ice, but a lack of time series studies makes comparison with model outputs more difficult in pack
ice than fast ice.

6.4. Organic Carbon Flux Below Fast Ice

Since DOC and POC (including EPS and iron-binding ligands) are enriched in fast ice relative to seawater
(Cozzi, 2014; Genovese et al., 2023; Lannuzel et al., 2015; van der Merwe et al., 2009), their release into seawa-
ter when fast ice melts has important ramifications on coastal productivity, export and carbon burial in sedi-
ments. Sediment trap deployments under pack ice are logistically challenging due to increased water depth and
exposure to storms making moorings prone to failure. As a result, seasonal carbon export data are lacking in
pack ice. However, sediment traps deployed under fast ice off the King Sejong Station show that the lithogenic
and biogenic particle fluxes change through the season, with lithogenic particles (from snow melt and sediment
resuspension) dominating the pool of particles exported year-round toward the seafloor in the area. The biogenic
winter flux is an order of magnitude lower than the summer contribution, which peaks in January and February
as a result of fast-ice melt (Khim et al., 2007). A significant fraction of diatoms under fast ice may however be
consumed by heterotrophic dinoflagellates, as seen off Syowa Station in summer (Ichinomiya et al., 2008) and as
a consequence the export rate can be highly variable. The export of organic carbon and biogenic silica (diatom
frustules) from fast ice to the sediments is clearly preserved in sediment cores, as seen in McMurdo Sound where
local production within and below sea ice and by advection from open water areas of the southwestern Ross Sea
were suggested to enrich sediments in carbon and silica (Dunbar et al., 1989). Organic matter derived from fast
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ice has been shown to support a large fraction of total benthic biomass (e.g., 39%—71%; Wing et al., 2018), and
affects the habitat and diet of coastal Antarctic benthic species (Caputi et al., 2020; Cozzi, 2014).

6.5. Gases

The seasonal formation and melt of fast ice directly controls how much carbon dioxide (CO,) is exchanged
between the ocean and the atmosphere. Fast ice can act as a source or sink of CO,, depending on seasonal changes
in sea-ice physics, chemistry, and trophic (autotrophic vs. heterotrophic) structure (van der Linden et al., 2020).
Fast ice also regulates the emission of other climate-relevant gases such as dimethyl sulfide (DMS) (B. Delille
et al., 2007) which possibly initiates a negative climate feedback.

6.5.1. Carbon Dioxide

Studies on CO, dynamics in Antarctic fast ice are rare and have exclusively focused on temporal rather than
regional trends. Initial work carried out in East Antarctica near Dumont D’ Urville Station during a time series in
November—December showed that fast ice is a sink of CO, in spring (B. Delille et al., 2007), a result supported
by later assessments in Antarctic pack ice (B. Delille et al., 2014). This CO, drawdown in spring fast ice is
driven by autotrophic activity, which also promotes the decrease of partial pressure of CO, (pCO,). The process
may be aided by calcium carbonate (CaCO,) precipitation, leading to a shift from CO, oversaturation to a marked
CO, undersaturation (pCO,, 30 dPa) within the brine system over the course of a month-long study (B. Delille
et al., 2007, 2014). Building on this initial work in spring, a year-round survey was carried out in fast ice at Cape
Evans (van der Linden et al., 2020). Results show that the drivers of CO, dynamics are depth-dependent, given
that CO, uptake or emission via biotic and abiotic processes vary between surface, interior and basal fast ice. In
surface ice, and similar to the spring time series mentioned above, CO, outgassing from sea ice to the atmosphere
was observed in the winter time, while CO, uptake was observed later in the season in spring (van der Linden
et al., 2020). In addition to this seasonal pattern, a diurnal signal was also observed, possibly as a consequence
of freeze-melt cycles or biological activity on the surface of the fast ice. Physical processes dominated the pCO,
decrease in the ice interior, regardless of the season. Dense biological activity and the presence of a biofilm in
basal fast ice may promote calcium carbonate precipitation. The seasonal shifts between CO, over and under-
saturation in brines translate into fluctuations in pH relative to seawater, with potential flow-on effects for algal
growth. Incubation experiments carried out on dinoflagellate-dominated assemblages sampled near Scott Base
suggest that late-summer fast-ice brine communities were however not significantly affected by the high and low
pH values over the tested 7.12—8.87 range (McMinn et al., 2017), although growth rates were reduced at both pH
extremes.

6.5.2. Dimethylsulfoniopropionate (DMSP) and Dimethyl Sulfide (DMS)

Sea-ice algae produces large amounts of DMSP, a precursor of the cloud condensation nuclei-forming gas DMS.
Marine bacteria produce DMSP (Curson et al., 2017) but their potential contribution to DMSP and DMS produc-
tion has yet to be observed in sea ice. Given its high algal biomass and associated DMS content, the seasonal
melt of Antarctic sea ice leads to elevated DMS concentrations in seawater (Trevena & Jones, 2006). Sea ice can
also emit DMS to the atmosphere via venting through surface sea ice as well as leads within the ice (Zemmelink
et al., 2005; Zemmelink et al., 2008). As a consequence, significant DMS fluxes (up to 11 pmol m=2 d-!) from
sea ice have been detected in the Antarctic sea-ice zone (Nomura et al., 2012; Zemmelink et al., 2006). The effect
of DMS-rich, melting fast ice has also been observed along the Antarctic coast near Davis Station in summer,
where the DMS concentrations in surface seawater were highest immediately following the breakout of the fast
ice (Trevena & Jones, 2006). In a study from the icebreaker Shirase in the 2009/10 summer, Koga et al. (2014)
however found evidence that the presence of multi-year fast ice represents a continuous and persistent barrier that
locally inhibits ocean-to-atmosphere emissions of DMS.

Fast ice has disproportionately high primary productivity relative to its surface area (Arrigo et al., 1998, 2003),
and may well be a significant source of DMS along the Antarctic coast and contribute to atmospheric aerosols
formation events. Only a handful of field studies have explored the concentrations of DMS and DMSP in Antarc-
tic fast ice and as a consequence, evaluating the global significance of fast-ice DMS using sea-ice coupled models
is still in its infancy. Sea-ice biogeochemical models with DMS parameterization are only just emerging in the
Arctic (Hayashida et al., 2020) and have yet to be initiated in the Antarctic realm. Field studies do show that DMS
and DMSP concentrations in Antarctic fast ice are high and vary greatly both spatially and seasonally (Trevena
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et al., 2000; Trevena & Jones, 2006). DMSP concentrations may differ between fast ice of different thicknesses
(Trevena et al., 2003), with the greatest concentration of DMSP commonly occurring in newly formed sea ice
(Trevena & Jones, 2006). Sea-ice texture could play a role, with isolated DMS and DMSP maxima recorded
in interior ice corresponding to platelet crystals found in Cape Evans (Carnat et al., 2014). The production of
DMSP and DMS in fast ice is also closely associated with biological activity, with bulk ice DMSP + DMS
and Chla concentrations highly correlated, suggesting that the high bulk ice DMSP + DMS concentrations are
caused mainly by the presence of autotrophic sympagic algae within the sea ice collected near Syowa Station
and Dumont d’Urville Station (B. Delille et al., 2007; Nomura, Kasamatsu, et al., 2011, respectively). Similar
findings were recorded in Prydz Bay, with DMSP and Chla concentrations in fast ice significantly correlated
in surface and deep interior sea-ice sections (Trevena & Jones, 2012) and at Cape Evans during winter-spring
transition (Carnat et al., 2014).

6.5.3. Bromoform

Bromoform (CHBTr,) is a volatile organic compound produced by phytoplankton and seaweed and emitted from
the ocean to the atmosphere. In the atmosphere, phytochemical degradation of bromoform creates reactive forms
of bromine which can deplete ozone. The production of bromoform by sea-ice algae is suggested as an important
contributor to atmospheric bromoform levels in ice-covered regions (e.g., Sturges et al., 1992). The production of
bromoform is not limited to summer however, with one study revealing significantly greater production in winter
sea ice than in spring and overall, 10 times more bromoform production than Antarctic seawater (Abrahamsson
et al., 2018). Measurements along the Antarctic coast (C. Hughes et al., 2009) and associated fast ice are rare.
One field study evaluated bromoform in fast ice slush collected during a summer time-series in Liitzow-Holm
Bay, with slush water consistently characterized by lower bromoform concentrations and lower salinity compared
to the under-ice seawater (Nomura, Ooki, et al., 2011). Bromoform concentrations in slush water were posi-
tively correlated with salinity with higher coefficients observed above a salinity of 5 than below. In this study,
no obvious contribution of sea-ice algae to bromoform production was found. This result contrasts with coastal
seawater observations at Rothera Oceanographic and Biological Time Series in Marguerite Bay where the high-
est bromocarbon concentrations were found to coincide with the maximum phytoplankton biomass (C. Hughes
et al., 2009). These contrasting results may come from the lack of biomass measured in fast-ice slush compared
to coastal seawater and sea ice. Given these uncertainties, year-round measurements of bromoform from fast ice
are required to quantify the contribution to the overall seasonal ice zone bromoform emission and to properly
evaluate the impact of Antarctic fast ice on ozone depletion events over the Southern Ocean.

6.6. Fast-Ice Biogeochemical Knowledge Gaps

Multi-seasonal and decadal time series data on key variables relevant to biogeochemistry in fast ice are currently
non-existent. This will require a dedicated monitoring effort and potentially the development of novel hard-
ware to collect year round observations. These efforts should start near Antarctic bases initially and expand to
understudied regions. Multi-season fast-ice sampling has been conducted in very few regions under the AFIN
with a focus on sea-ice physics. There is currently no data set with a comprehensive set of concomitant measure-
ments of physical, chemical and biological variables (Carnat et al., 2014; Giinther & Dieckmann, 1999). Existing
multi-disciplinary data sets are generally short (approx. one month) and may lack key observations such as snow
thickness (Meiners et al., 2018). The existing data sets may also be operationally biased toward thinner ice floes
over rafted and thicker, multi-year fast ice floes due to the ease of sampling. High-resolution, multi-season data
sets containing a suite of parameters are needed to improve sea-ice biogeochemical model performance (Miller
et al., 2015; Steiner et al., 2015). This monitoring is necessary to establish baseline understanding to make relia-
ble and quantitative estimates of future changes.

7. Fast Ice as a Habitat for Primary Producers
7.1. The Role of Fast Ice in Antarctic Ecosystems

Fast ice constitutes an integral, highly seasonally varying component of Antarctic coastal and nearshore ecosys-
tems. It serves as a temporal reservoir for nutrients and, in particular when snow covered, strongly controls light
availability for pelagic (in the water column) and benthic (on the seafloor) primary producers. Fast ice provides
a habitat for ice-associated (sympagic) communities consisting of various organism groups including viruses,
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bacteria and heterotrophic and autotrophic protists (the latter are more commonly referred to as sea-ice algae). In
terms of biomass, these communities are generally dominated by sea-ice algae. Sympagic algae are particularly
important for Antarctic marine ecosystems as they provide a spatially-concentrated source of fixed carbon to both
microbial food webs and higher trophic levels. Importantly, fast-ice algae are available as food when primary
production in the water column is low (Meiners et al., 2018).

7.2. Fast-Ice Algal Communities

Sympagic algal communities flourish in distinct micro-habitats of Antarctic fast ice. The development of these
micro-habitats is coupled to the physicochemical properties of sea ice which are shaped by sea-ice formation
and growth processes (Ackley & Sullivan, 1994, also Section 2 of this review). Based on their occurrence in the
sea-ice column, the communities can be classified into three main types: surface, interior, and bottom communi-
ties (Ackley et al., 1979; Arrigo, 2017; Carnat et al., 2014; Horner et al., 1992; Meiners et al., 2018; Van Leeuwe
et al., 2018). Bottom-ice communities can be further divided into interstitial ice algal communities associated
with thermodynamically grown columnar ice, consolidated platelet ice layer communities, SIPL communities,
and strand communities consisting of filaments that are only loosely attached to the bottom of the fast ice and are
suspended into the water column (e.g., Arrigo, 2017; Arrigo et al., 1995; Grossi & Sullivan, 1985; McConville
& Wetherbee, 1983). Ice accretion at the ice-water interface can incorporate and trap bottom communities into
the interior of the sea ice. Key environmental factors shaping the distribution and seasonal development of fast-
ice microalgal communities include light, ice temperature and related brine salinity, nutrients as well as habit-
able pore space (e.g., brine volume), and colonizable crystal surface area. Fast-ice algal communities generally
thrive in those microhabitats that provide stable environmental conditions, have sufficient light and are most
closely coupled to the under-ice water column for access to nutrient supply, for example, bottom-ice layers
(Arrigo, 2017).

Microalgal (unicellular) communities inhabiting Antarctic fast ice can be diverse. Fast-ice algal communities
are comprised of a subset of Antarctic coastal phytoplankton and benthic microalgae species, and in terms of
biomass are generally dominated by diatoms (Bacillariophyceae). Bottom-ice interstitial communities are domi-
nated in particular by a specific group called pennate diatoms, that is, diatoms with one elongated cell axis such as
species of the genera Navicula, Nitzschia, Entomoneis, Pleurosigma, Synedra, and Pinnularia. Strand communi-
ties, associated with fast ice at coastal locations, are often formed by the tube-dwelling diatom species Berkeleya
adeliensis (Belt et al., 2016; Riaux-Gobin et al., 2003; Shetye et al., 2019). Sub-ice platelet layers, characterized
by very high porosities (~75%) and nutrient availability, harbor communities consisting of both pennate and
centric diatom species such as Fragilariopsis spp. and Chaetoceros spp., respectively (Riaux-Gobin et al., 2003;
Saggiomo et al., 2017). Diatom-dominated interior communities have been reported from autumn sea ice as
well as spring sea ice, but during summer, interior fast-ice layers are often dominated by mixed communities of
smaller algae (<20 pm), in particular flagellates including dinoflagellates such as Gymnodinium spp. (Archer
et al., 1996). Ephemeral surface communities can occur in summer when harsh environmental conditions in
the upper parts of the fast-ice cover ameliorate. They generally consist of cryo- and halotolerant chrysophytes
and dinoflagellates, which have been reported from the surface of fast ice in McMurdo Sound (165°E, 77.5°S;
Stoecker et al., 1998), but may also be dominated by diatoms such as Navicula spp. (D. H. Robinson et al., 1997).
Within the fast ice, ice algae respond to seasonal changes in light, temperature and nutrients by undergoing a
species succession. In early spring, species adapted to very low light but sufficient nutrients dominate (McMinn
et al., 2010). These are gradually replaced by taxa with greater photosynthetic capacity but lower demand for
nutrients (Stoecker et al., 1998, 2000). There is now increasing evidence that many of these successional changes
are mediated by virus infection (McMinn et al., 2020).

7.3. Biomass and Primary Production

Volumetric fast-ice algal cell concentrations and standing stocks vary by several orders of magnitude, both verti-
cally within the ice cover but also horizontally on the sub-meter scale (Arrigo, 2017; Van Leeuwe et al., 2018). A
standard, although invasive and spatially restricted, method to quantify bulk ice algal biomass is to measure ice
algal photosynthetic pigment (i.e., chlorophyll-a (Chla)) concentrations from melted ice-core samples (Meiners
et al., 2012; Miller et al., 2015). Volumetric Chla concentrations from Antarctic fast ice cores range over 5 orders
of magnitude from <1 to 10,100 mg m~3 in melted sea ice (summarized by Arrigo, 2017). Extremely high ice algal
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biomass concentrations (with values regularly >1,000 mg Chla m~> of melted ice) have been reported for highly
porous SIPLs (Arrigo, 2017; Arrigo et al., 1995; 2014; Giinther & Dieckmann, 1999; Smetacek et al., 1992;
Wongpan, Meiners, et al., 2018). Analyzing a compilation of existing circum-Antarctic fast-ice core data (i.e.,
not including SIPLs), Meiners et al. (2018) report a range of <0.1-219.9 mg Chla m~2 for depth-integrated
biomass per unit area. They found that seasonal changes in integrated Antarctic fast ice algal Chla are primarily
driven by changes in the bottom layers of the fast ice, with peaks in integrated biomass occurring in autumn and
spring (Meiners et al., 2018). Integrated values of >30 mg Chla m~2 were generally associated with the spring
bottom fast-ice algal bloom occurring in September to October, depending on environmental factors such as
insolation, snow thickness and ice thickness (Meiners et al., 2018). Overall, fast-ice algal growth and biomass
distribution are controlled by small-scale processes occurring on the brine channel scale which in turn are a
function of larger-scale icescape features and seasonal changes in environmental drivers (Meiners et al., 2018;
Remy et al., 2007).

Owing to the difficulties of measuring primary production in a semi-solid sea-ice matrix, the high spatial vari-
ability in ice algal biomass and the temporal (diurnal, seasonal) variability in ice algal photosynthesis, compa-
rable data on fast-ice algal primary productivity remain scarce (Arrigo, 2017). A variety of methods including
radioactive and stable-isotope tracer uptake, determination of temporal changes in biomass, as well as oxygen
microelectrode (McMinn et al., 2000; Trenerry et al., 2002) and optode (Campbell et al., 2016, 2017) measure-
ments have been employed to determine photosynthetic rates of ice algal communities. The multitude of methods
employed for distinct communities at spatially and temporally variable scales complicates the comparability of
data from isolated studies. The relative contribution of fast-ice algal production to overall primary production
(sympagic, pelagic and benthic) for the ice-covered period in Antarctic nearshore ecosystems has been estimated
to range between 50% and 65% (McMinn et al., 2010). The overall contribution of fast-ice algal production to
total primary production appears to be positively linked with ice-season duration (Archer et al., 1996; Meiners
et al., 2018). Ice algal communities in the lowermost third of the ice cores dominate seasonal changes in biomass
and thus productivity during most of the year. Regional variability of bottom ice algal production and biomass is
largely controlled by the presence/absence of biomass-rich and highly productive platelet ice layers. In addition,
snow is considered a key driver of ice-algal biomass productivity and spatial variability. Early during the spring
season ice algal production is generally light limited, while spring melt of snow and ice decreases light attenua-
tion leading to potential photo-inhibition as well as ablation of the bottom ice habitats resulting in the loss of algae
to the water column (McMinn, 1996; McMinn & Ashworth, 1998). Deeper snow during this spring-summer tran-
sitional period likely protects the bottom ice habitat from higher light and ablation, resulting in an extended ice
algal bloom in snow-covered fast-ice areas. Van Leeuwe et al. (2018) provide a detailed overview of sea-ice algal
photosynthetic parameters, including for Antarctic fast-ice communities. They summarize data on fast-ice algal
maximum photosynthetic capacity, the slope of photosynthesis versus light curves which serves as a proxy for
ice-algal light affinity, and the index for photoadaptation. Overall their analyses suggest that sea-ice commu-
nities show a high capacity for photoacclimation but low maximum productivity compared to Southern Ocean
phytoplankton. Low carbon assimilation rates are likely a result of adaptation to extreme conditions of reduced
light and ice temperature, in particular in sea-ice interior layers during winter and early spring (Van Leeuwe
et al., 2018).

7.4. Ice Algal Adaptations to Extreme Environmental Conditions

In this section we describe how (fast-) ice algae are adapted to the harsh environmental conditions of their habitat.
We have tried to focus on using Antarctic fast ice literature as much as possible, but also describe some more
general concepts derived from the wider (sea ice) literature, as it was sometimes necessary to cite non-fast-ice
literature to convey key concepts.

Antarctic fast ice is characterized by steep and seasonally-changing gradients in light, temperature, brine
salinity as well as ice porosity affecting nutrient availability for ice algae. Ice algal species are adapted to the
physically-distinct characteristics of their micro-habitats and have adopted a variety of mechanisms to cope with
the extreme environmental conditions in sea ice. These include extracellular and intracellular approaches, the
formation of resting spores and cysts, and likely also behavioral approaches. Extracellular approaches for diatoms
comprise the production of extracellular polymeric substances (EPS; also Section 6.2.2. of this review) which
create a protective mucous envelope around cells and may anchor them to the ice surface within brine inclusions
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(Krembs & Deming, 2008; Krembs et al., 2011), as well as production of ice-binding proteins that prevent ice
growth in the immediate vicinity of cells. Ice-binding proteins are characterized by their ability to separate the
melting and growth temperatures of ice (thermal hysteresis) and to inhibit ice recrystallization (Bayer-Giraldi
et al., 2011). They also likely promote the attachment of cells by shaping the microstructure of ice (Bayer-Giraldi
et al., 2011; Raymond et al., 1994). Intracellular mechanisms include changes in fatty acid composition to regu-
late the fluidity of cell membranes at low temperatures, such as the incorporation of polyunsaturated, short-chain,
branched, or cyclic fatty acids. In particular, the extent of unsaturation of the fatty acids in membrane lipids
plays a major role in avoiding membrane rigidification caused by low temperatures (Morgan-Kiss et al., 2006).
Temperature and salinity changes have also been shown to induce the production of compatible compounds such
as proline and dimethylsulfoniopropionate (DMSP) in Antarctic sea-ice diatoms (Dawson et al., 2020; Kameyama
et al., 2020; Trevena et al., 2003). In response to deteriorating environmental conditions, fast ice flagellate taxa,
in particular dinoflagellates and chrysophytes, can form resting spores that appear to help survival and dispersal
of cells after release from the ice and/or winter survival in the ice (Archer et al., 1996; Stoecker et al., 1992).
Aumack et al. (2014) showed the ability of an Arctic bottom-ice pennate diatom to vertically migrate in response
to changing snow conditions affecting light levels at the bottom of the ice, and similar strategies are very likely
employed by closely-related diatoms species colonizing Antarctic fast ice.

Ice algae employ various mechanisms to remain photosynthetically active under both changing and often very
low light conditions which are characteristic of autumn and early spring conditions, and particularly experienced
in sea ice bottom layers. Sympagic algae acclimate to low irradiance levels by adjusting pigment compositions
and expansion of light-harvesting complexes (Petrou et al., 2016; van Leeuwe & Stefels, 2007). Changes in the
structure of photosynthetic units may be accompanied by a decrease in their numbers and pigment packaging
within the cells (Barlow et al., 1988) and can be species specific (Arrigo et al., 1998). In addition, ice algae also
show chromatic acclimation in response to changes in sea ice transmitted light-spectra influenced by spectral
light absorption by snow, ice and surface and interior ice algal layers (self-shading; D. H. Robinson et al., 1995;
McMinn et al., 2005; Wongpan, Meiners, et al., 2018).

Fast-ice algae are also exposed to a number of other highly stressful environmental conditions. Every year, like
other polar microorganisms, they must survive many months of darkness (McMinn & Martin, 2013). However,
they have been shown to be able to survive for up to 4 months of darkness and then recover. The ability of sea-ice
diatoms to modify their metabolic activity in dynamic and extreme light regimes enhances their ability to survive
and thrive. Maintaining essential metabolic processes in the dark is critical for photosynthesis to occur rapidly
upon re-illumination. Maintenance metabolism (or the ability to live in the dark), may be one of the fundamental
reasons why diatoms dominate Antarctic sea-ice ecosystems (Kennedy et al., 2019). In contrast, during late spring
and summer, high levels of irradiance can result in photoinhibition. However, ice algal communities have been
shown to have high levels of plasticity in their light-acclimation abilities (Petrou et al., 2011). Ice algae are not
only sensitive to the amount of irradiance but also to the spectral distribution. Because the annual peak in ozone
depletion, ice transparency and algal biomass coincide in late October, it was thought that they might be particu-
larly susceptible to elevated ultraviolet B radiation (McMinn, Ashworth, & Ryan, 1999; McMinn et al., 1994).
However, using field manipulations and laboratory experiments, Ryan et al. (2012) demonstrated no net effects of
additional UV on the growth or photosynthesis of fast-ice bottom communities. Somewhat surprisingly, there was
no evidence for the production of UV-absorbing compounds such as mycosporine-like amino acids in response
to elevated UV levels (Ryan et al., 2002).

7.5. Fate of Ice Algae

Close relationships between primary production and bacterial biomass and production have been reported for
Antarctic fast ice (Archer et al., 1996; D. Delille et al., 2002). Both bacteria as well as heterotrophic protists
appear to be seasonally coupled to algal biomass (Fiala et al., 2006), and ice algal primary production is fueling
active microbial food webs (Martin et al., 2012). Pelagic grazers utilize ice algae as a critical early season food
source, and shallow water depths associated with fast-ice occurrence help efficient export of ice algae to the
seafloor resulting in tight cryo-pelagic-benthic coupling (Cripps & Clarke, 1998). Close relationships between
fast-ice conditions, pelagic primary productivity and, subsequently, coastal benthic communities have been
reported (e.g., Cummings et al., 2018). In McMurdo Sound, benthic microbial community composition has
been shown to reflect sea-ice dynamics, with areas covered by multi-year sea ice demonstrating lower sediment
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carbon content and a higher contribution of chemoautotrophic bacteria, reflecting restricted benthic produc-
tivity (Currie et al., 2021). Algae released from sea ice can also serve as inoculum for pelagic phytoplankton
growth (Lizotte, 2001), but the role of Antarctic fast-ice algae in seeding coastal phytoplankton blooms remains
uncertain (Riaux-Gobin et al., 2011; Van Leeuwe et al., 2018). Through its influence on light availability, thick
and persistent fast ice (including multiyear ice) can result in a decrease in in situ pelagic and benthic primary
production, reducing the quantity and quality of phytodetritus, and thereby affecting the diversity and abundance
of benthic invertebrate communities (H. Kim, Ducklow, et al., 2018).

7.6. Gaps in Understanding of Fast-Ice Primary Production

The seasonality of physical controls on algal communities has been observed in Antarctic pack ice (Arrigo
et al., 2014; Meiners et al., 2017), but detailed concomitant observations of physical and biological sea-ice prop-
erties in Antarctic fast ice remain limited. These measurements are necessary to determine key physical drivers
(e.g., ice and snow cover thickness) of the timing, magnitude, and duration of the ice algal spring bloom. Detailed
long-term time-series observations of ice algal accumulation in Antarctic fast ice would facilitate closing this
gap, which in turn would improve parameterization of ice algal dynamics in sea ice biogeochemical and produc-
tivity models. Recently established optical methods to determine ice algal biomass from transmitted under-ice
irradiance measurements (e.g., Cimoli et al., 2019; Mundy et al., 2007; Wongpan, Meiners, et al., 2018) promise
a step-change in the development of automated observatories to measure ice algal biomass in a non-invasive
manner. Combined with ice mass balance instruments they allow for automated coupled physical-biological
time-series observations of key fast-ice parameters.

8. Fast Ice as a Habitat for Micro- and Macro-Grazers

The fast-ice habitat is typified by low diversity and high abundance of biota, when compared to many other
marine habitats. Organisms that are small enough to inhabit the brine system, and tolerate wide ranges in salin-
ity and temperature, are limited to a small number of taxa, including copepods, turbellarians, acoels and one
species of nudibranch mollusc (Swadling, 2014). Bigger zooplankton, including amphipods, euphausiids, pter-
opods and large copepods, feed on ice algae at the ice-water interface, but rarely, if ever, infiltrate the brine
channel system. The underlying SIPL, which is characteristic of some fast-ice regions (Langhorne et al., 2015),
also provides habitat for zooplankton and fish, notably the notothen Trematomus borchgrevinki and eggs and
larvae of Pleuragramma antarcticum (Antarctic silverfish; Figure 12). Here we outline current knowledge about
microzooplankton (0.002-0.2 mm), mesozooplankton (0.2-20 mm) and macrozooplankton (>20 mm) that have
strong relationships with fast ice, focusing, where information exists, on distribution, physiology, life history
strategies and trophic interactions. While we understand there is extensive research on ice algae as a food source
for Antarctic krill (Euphausia superba), we have chosen to omit discussion on Antarctic krill in this review as
their associations to ice are not specific to the fast-ice habitat. Furthermore, despite ice krill (E. crystallorophias)
being common to the sea-ice habitat, the extent of their use (e.g., for feeding) of the fast-ice habitat has yet to be
confirmed. We conclude by considering knowledge gaps and how this community might be affected by changing
environmental conditions in the coming decades.

8.1. Vertical and Horizontal Distribution of Ice-Associated Plankton

Habitat space in the fast ice is regulated by a combination of salinity and temperature, which in turn deter-
mines the volume of the liquid portion of fast ice; that is, the brine channel system that plants and animals
inhabit. The diameter of brine tubes restricts the size of animals that can live within the system, with the largest
organisms, copepods, measuring <600 pm in diameter (Krembs et al., 2000). Most of the biomass in fast ice is
found in the bottom 2-5 cm (Figure 12b), with both chlorophyll-a concentration and meiofauna abundance often
reaching levels much higher than those in the underlying water column (Swadling, 2001; Swadling et al., 1997,
Schnack-Schiel, Dieckmann, et al., 2001). Smaller organisms can penetrate further into the ice, or be trapped in
bands as the ice grows, so there is some vertical structure in the distribution of biota (Figure 12b). Protists, such
as dinoflagellates, have been observed to dominate the McMurdo Sound (165°E, 77.5°S) brine community within
the upper ice brine, where chlorophyll-a concentrations are low and less diatom-dominated, as is also typically
observed in the upper pack ice (Stoecker et al., 1992).
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Figure 12. Schematic highlighting the important components of the fast-ice habitat for ice algae and grazers. While small organisms can inhabit the interstices of
platelet and fast ice, larger species stay in proximity to the under-ice surface. Antarctic silverfish, Pleuragramma antarcticum, use sea ice as a nursery ground and move
into deeper water as they develop. Panel (a) Schematic of the ice shelf-fast ice interface. Panel (b) A region of fast ice with a sub-ice platelet layer. Panels (a) and (b)

have different vertical scales.

Although many of the species appear to be circum-Antarctic there is differential distribution between the
main sectors. Notably, microzooplankton communities, which are typically comprised of ciliates, hetero-
trophic dinoflagellates, choanoflagellates and other heterotrophic nanoflagellates, exhibit strong patchiness
in circum-Antarctic distribution (Q. Yang, Liu, et al., 2016; Scott et al., 2001). Among the mesozooplankton
the copepod Paralabidocera antarctica can reach up to 900,000 individuals per m? of ice along the coastline
of the Eastern Indian Ocean, though it only occurs in small numbers in the Drescher Inlet (19.3°W, 72.9°S;
Schnack-Schiel et al., 2004). In Terra Nova Bay (164.5°E, 74.8°S) the dominant copepods are the calanoid
Stephos longipes and the harpacticoid Harpacticus furcifer (Guglielmo et al., 2007). These four species comprise
the dominant mesozooplankton inhabiting the fast ice, although the biodiversity is somewhat higher, with the
presence of several other species of harpacticoids (Dahms et al., 1990) recorded. Additionally, the nudibranch
mollusc Tergipes antarcticus, which was first observed from sea ice in the Bellingshausen Sea (see Pelseneer
(1903) in Kiko, Kramer, et al., 2008), was not mentioned in the literature again until it was recorded by Kiko,
Michels, et al. (2008) in sea ice from the Weddell Sea.

8.2. From Facultative to Obligate Life History Strategies

Inhabiting the fast ice requires both the physiological tolerance and the behavioral mechanisms necessary to cope
with the variable salinity and temperature, and seasonal/ephemeral nature of most fast ice. Life history strategies
of the best-known species occur along a spectrum from facultative, where an organism may function under more
than one type of environmental conditions, to obligate, where the organism is restricted to specific conditions
(in this case, the fast-ice habitat). Closer to the facultative end is S. longipes, which possesses sticky eggs that
adhere to frazil crystals and are incorporated into the ice as it forms. Naupliar (young larval) stages of this species
live in the brine channel system (Costanzo et al., 2002), but older stages are also found in the open ocean and in
pack ice floes (Schnack-Schiel et al., 1995). Stephos longipes contain specialized proteins that support thermal
hysteresis (Kiko, 2010), which enables upward penetration into the ice where temperatures fluctuate. Next along
the spectrum is most likely P. antarctica, a species that appears to be obligate in fast ice, as the nauplii and early
juvenile stages inhabit the ice in large numbers before transferring to the underlying water column as adults
(Swadling et al., 2004; Tanimura et al., 1996). Eggs of P. antarctica undergo diapause (periods of suspended
development in invertebrates) in the sediments during the period of no ice cover, and are either incorporated
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into the ice via active swimming to the surface by the first larval stage or, potentially, via upward transport of
sediments (Ito et al., 2017). Notably, populations of this species also exist year-round in the water columns of
three saline lakes in the Vestfold Hills, East Antarctica (78.25°E, 68.55°S), where they never enter the ice cover
on the lakes (Swadling et al., 2004). This species does not display thermal hysteresis (Kiko, 2010) and is clearly
euryhaline (broad range of salinity tolerance), as the inhabited lakes all have a salinity of less than half that of
seawater.

At the obligate end of the spectrum, Drescheriella glacialis carries its egg sacs and lives year-round in the ice,
crawling around the ice and moving into the interior. It can exist outside of the ice habitat (Loots et al., 2009),
but it is not clear where the individuals live when they are not in the brine system. To survive during periods of
no fast ice D. glacialis must be able to swim, survive in the benthos or find small floes as a refuge. The nauplii
crawl rather than swim, though the later stages are good swimmers (Dahms et al., 1990) and this copepod has
been found in refrozen gaps in pack ice, highlighting its affinity for the ice habitat (Schnack-Schiel, Thomas,
et al., 2001). In laboratory experiments D. glacialis has shown temperature compensation of developmental and
reproductive rates and is a clear r-strategist (i.e., low energetic investment toward high number of offspring) as
it produces a large number of eggs, grows rapidly to small size and matures early (Bergmans et al., 1991). The
presence of nudibranch 7. antarcticus in fast ice is unusual as molluscs have not generally been recorded as ice
specialists in either the Antarctic or the Arctic. Egg clutches, veliger larvae, juveniles and adults have all been
collected from sea ice, highlighting that it is a true inhabitant of ice (Kiko, Kramer, et al., 2008). The egg clutches
are not buoyant and the adults cannot swim actively (Kiko, Kramer, et al., 2008), pointing to a poor capacity for
T. antarcticus to adopt a pelagic lifestyle, and perhaps making it the strongest obligate species amongst the fast-
ice dwellers.

8.3. Phenology of the Microbial Community in the Ice Brine

Microbial community abundance, distribution and diversity in the brine may be a function of food availability as
well as complexity in ice structure and ice history (Garcia et al., 2020; Scott et al., 2001; Stoecker et al., 1992).
Given their short generation times of hours to days, the rates of development for these organisms are consequently
tightly coupled to the rate of sea-ice formation. Under low light conditions in winter, grazing generally cannot be
sustained, due to low phytoplankton abundance and productivity, and thus biological production in sea ice is rela-
tively low. However, also during winter, some microheterotrophs have been shown to occasionally consume over
half (ca. 54%) of the phytoplankton standing stock and >100% primary production per day (Pearce et al., 2008).
By spring, the microbial community emerges in the sub-surface brine channels and both microzooplankton graz-
ing and phytoplankton growth rates become significant. In late November to early December, chlorophyll-a
concentrations and biomass peak, as does the biomass of photosynthetic gymnodinioid dinoflagellates in the
brine (Stoecker et al., 1992). Toward January, prior to ice melt and breakout in McMurdo Sound, photosynthetic
dinoflagellates form resting cysts (hypnozygotes) while the abundance of chrysophyte statocysts increases. Cyst
formation is believed to be a strategy for survival in the water column. Meltwater begins to dilute the upper brine
channels, consequently flushing the total autotroph and other brine community biomass into the surrounding
water column. Seasonal fast ice has fully broken out by late summer (Fraser et al., 2021) and microzooplankton
significantly contributes top-down control of summer phytoplankton bloom, consuming approximately 34% of
primary production (Pearce et al., 2008). When sea ice begins to form in early autumn, micrograzer mortality
increases, coinciding with the decline in phytoplankton biomass and chlorophyll-a concentration.

8.4. Macrograzers Inhabiting the Platelet Ice

The SIPL communities provide an important nutritional resource for invertebrates, including species of
euphausiids and amphipods, constitute a refuge from predators, and furnish a remarkable nursery ground for
many species associated with ice for only a part of their life cycle, while others appear entirely dependent upon it
for reproduction and development (C. E. Arndt & Swadling, 2006; Arrigo, 2013). Two circum-Antarctic notote-
noid fishes—the Antarctic silverfish (Pleuragramma antarcticum) and Trematomus borchgrevinki—play pivotal
roles based on modeling of the Ross Sea food web (Pinkerton & Bradford-Grieve, 2014).

Pleuragramma antarcticum is the dominant pelagic fish in the high-Antarctic zone and plays a fundamental
role in the food web of the Antarctic marine ecosystem (La Mesa & Eastman, 2012; Pinkerton, 2017; Saenz
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et al., 2020; Vacchi et al., 2017) and early life stages of this species are closely associated with the fast-ice
environments. Similarly to other Antarctic sectors (Hubold, 1984; Kellermann, 1986), P. antarcticum was the
dominant component in the ichthyoplankton assemblage of the western Ross Sea, constituting more than 97% of
total catches (Brooks et al., 2018; Granata et al., 2009). Maximum abundances of P. antarcticum postlarvae were
confined to Terra Nova Bay, where the northern part represents a nursery ground for the first early stages (Davis
et al., 2017; Granata et al., 2002; Guglielmo et al., 1997; Vacchi et al., 2012), and where a persistent polynya
could provide favorable food conditions for their development. The food composition of postlarval P. antarcticum
collected in spring corresponds to the typical zooplankton structure found in the sea ice, platelet layer and upper
water column under the sea ice (Granata et al., 2009; Guglielmo et al., 2007; Schnack-Schiel et al., 2004). The
occurrence of S. longipes adults, H. furcifer adults and juvenile stages and abundant naupliar stages of Paral-
abidocera antarctica, suggests that P. antarcticum postlarvae actively fed on prey closely associated with the
fast ice (C. E. Arndt & Swadling, 2006; Swadling et al., 1997, 2000; Tanimura et al., 1996, 2002). A different
life cycle strategy was hypothesized by Swadling (2001) which supports the idea that P. antarctica appears to
prefer first-year ice where sheltered conditions facilitate the colonization of “frazil ice” type (typical of Weddell
and Ross Seas, Spindler et al., 1990) compared to “frozen ice” type. In addition, the coastal area of Terra Nova
Bay is characterized by a large spatial extension of SIPL, ranging in thickness from 80 to 120 cm (Guglielmo
et al., 2007; Vacchi et al., 2012). Two hatching events have been hypothesized for both populations of the Ross
and Weddell Seas (Guglielmo et al., 1997; Keller, 1983), and Granata et al. (2002) indicated early-mid December,
and mid-December/early January as the two hatching periods in Terra Nova Bay. Large numbers of embryonated
eggs and yolk-sac larvae were found floating in the platelet ice (O’Driscoll et al., 2018; Vacchi et al., 2004), indi-
cating that hatching starts even earlier, from mid-November onwards, and continues at least until early December.
In summary, the life history of Pleuragramma is characterized by slow growth, late maturity, high reproductive
investment and an association with coastal fast ice for spawning and larval development (Figures 12a and 12b).
All those features will allow the species to weather episodic annual failures in recruitment, but not long-term
change (Duan et al., 2022; Mintenbeck & Torres, 2017).

The circum-Antarctic notothenioid fish Trematomous borchgrevinki plays an important role in the Antarctic
ecosystem and functions as food for marine mammals, birds and fish (Andriashev, 1968; La Mesa et al., 2004).
Trematomous borchgrevinki is an abundant schooling fish commonly seen swimming near ice holes (Montgomery
et al., 1989). This habitat undoubtedly protects the fish from predation, especially from seals. Trematomus borch-
grevinki were collected from the 1.5-3 m thick layer of dense platelet ice. Gutt (2002) recorded juvenile and
adult fish in the Drescher Inlet, under the ice shelf margin and fast ice, respectively. This fish is planktivo-
rous and feeds both on zooplankton and ice fauna (Gulliksen & Lgnne, 1991), with individuals found feeding
in the platelet ice and in the water immediately beneath the ice, mainly consisting of amphipods (Orchomene
plebs), pteropods (Limacina helicina antarctica), and small copepods (e.g., Eastman & DeVries, 1985; Foster &
Montgomery, 1993). For example, 90% of the food items in the stomach contents of Pagothenia borchgrevinki
were ice-associated copepods and their nauplii and larval stages (Hoshiai & Tamimura, 1989). Unlike P. antarcti-
cum which has been found exclusively in very cold ice-shelf waters (—1.75°C to —2°C; Davis et al., 2017), the
cryopelagic T. borchgrevincki exhibits high thermal tolerance and acclimation capacities to elevated temperatures
of >4°C (E. Robinson & Davison, 2008).

8.5. Knowledge Gaps

The stability of Antarctic fast ice not only has consequences for the global climate system, but also for the ecology
of the coastal regions (Hoppmann et al., 2020). The high concentration of biological matter in SIPLs has signif-
icant implications for the entire coastal Antarctic food web (Guglielmo et al., 2000, 2004; Mangoni et al., 2009).

Biogeographical patterns of macro- and micrograzers under Antarctic fast ice are based on patchy sampling efforts
in both time and space (Swadling, 2014), with many regions undersampled or not sampled for ice-associated
microfauna. There is also a large gap in our understanding of whether rough and smooth fast ice support the same
or different communities, as no known work to date has addressed this question. There are limited seasonal data,
with winter and the autumn re-freezing being particularly poorly studied. Further, observations of sea-ice fauna
other than copepods are limited to a small number of studies that have occurred in the last decade. This knowledge
gap highlights the need for improved sampling of the fast and platelet ice, including promoting opportunities to
collect newly-forming ice as well as distant floes as they detach from the fast ice and circulate away from the
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continent. These latter floes are a possible mechanism for the transport of biota and associated biogeochemical
pathways to deeper waters (e.g., Ojima et al., 2017). Coastal regions such as Potter Cove in the Western Antarctic
Peninsula (58.65°W, 62.23°S) that experience abiotic conditions that are highly dynamic and subject to drastic
change/variability on interannual timescales may provide ideal conditions for better understanding micro- to
macrozooplankton responses to future sea-ice change (Garcia et al., 2020). In general, we need more information
on environmental tolerances, life cycle plasticity, and food web interactions to understand the importance of these
organisms in the fast-ice system and to evaluate how they might respond to changes to their habitats.

Feeding adaptations such as mixotrophy exhibited in many microzooplankton species provides flexibility between
phototrophic (ie., using photosynthesis to generate energy) and phagotrophic (ie., energy is derived from engulf-
ing particles) behaviors that enable their communities to be broadly distributed geographically and in high abun-
dances compared to those species that use single feeding modes (Moorthi et al., 2009). Other adaptations, such as
the formation of resting cysts and statocysts by brine-inhabiting dinoflagellates and chrysophytes, respectively,
are temporally coupled with a decrease in brine salinity from surface melt and flushing of the ice channels, which
is likely a strategy for survival in the water column (Stoecker et al., 1992; Takahashi et al., 1986).

9. Outlooks: Antarctic Fast Ice by the End of the 21st Century

Following Sections 2-8, which presented syntheses of the body of knowledge regarding specific fast-ice
sub-domains, we now turn our attention to the changes likely to occur throughout the 21st Century. Although
comprehensive and holistic knowledge of the drivers of Antarctic fast ice is lacking (as detailed in Sections 4
and 5 of this review), we present here a new analysis to indicate that fast ice responds rapidly to environmental
change. Figure 13 presents a new, yearly time series of fast-ice extent at the time of the climatological minimum
(early-mid March). These new data form an extension (to 2022) of the 2000-2018 data set of Fraser et al. (2020).
Annual minimum circum-Antarctic fast ice extent reached a record low in March 2022, at 123,200 km? (2000~
2021 mean: 208,200 km?; range: 168,600 to 295,200 km?). The negative fast-ice extent anomaly was spatially
widespread (shown in Figure 13), with the complete loss of multi-year fast ice in the eastern Ross Sea (~140°W).
A widespread loss of persistent fast ice was also found along the eastern side of the Antarctic Peninsula, and
across much of East Antarctica, particularly in the Western Pacific Ocean sector. Above-average extent was
only encountered in large quantities around the Amundsen Sea Embayment (~105°W) and the West Ice Shelf
(~85°E). This unprecedented (in the observational record) low fast-ice extent occurred in tandem with the record
low sea-ice extent minimum in 2022 (Turner et al., 2022), indicating a similar environmental response between
pack and fast ice and also possible linkage between the two.

Since no global climate model currently simulates fast ice prognostically, we use Coupled Model Intercomparison
Project Phase 6 (CMIP6) projections to analyze changes in several near-surface atmospheric and oceanic fields
relevant to fast ice and its associated systems, including sea-surface and 2 m air temperatures, the 10 m wind
field, sea-ice concentration and thickness, rainfall, snowfall and incoming shortwave radiation. We use the Shared
Socioeconomic Pathway 245 (SSP245) scenario, a “middle of the road” scenario that approximately follows the
CMIP5 Representative Concentration Pathway 4.5, both of which reach a radiative forcing of 4.5 W m~2 by the
end of the 21st Century (Fricko et al., 2017).

9.1. CMIP6 Methods

Nineteen CMIP6 models on the Australian National Computational Infrastructure (NCI) Earth System Grid
Federation (ESGF) replica had all requisite fields available (see Table B1 in Appendix B) for both the histori-
cal period and the scenario MIP (Eyring et al., 2016). We define the historical baseline period as 1985-2014,
a 30-year period that aligns with the end of the CMIP6 historical period. Our projection period is defined as
2071-2100. We regridded all model fields to a standard 1 X 1 degree grid using bilinear interpolation with the
xESMF regridder (Zhuang et al., 2020). Multi-model means have been calculated without weighting, and only
the first variant for each model has been included in the ensemble so as to not bias toward modeling families
with more variants. The mean change for each of the selected fields, from 1985 to 2014 to 2071-2100, has been
plotted in Figures 14 and 15. Overlaid is the present-day contour of 25% fast-ice persistence (black). The spatial
mean changes shown in Table 1 are calculated over the entire present-day fast-ice region (i.e., grid cells with a
fast ice coverage greater than 0).
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Figure 13. (a) Spatial distribution of Antarctic fast-ice extent anomaly in early-mid March 2022, obtained from cloud-free visible composite imagery after Fraser
et al. (2010). Red shading indicates negative anomalies, with a value of —1.0 indicating a lack of fast ice in 2022, in a region that has had early-mid March fast-ice cover

every year from 2000 to 2021. Inset, panel (b) Time series of early-mid March fast-ice extent from 2000 to 2022.

9.2. Change in Surface and Near-Surface Fields to 2100

Near-surface air temperature is projected to increase in all regions (Table 1; Figures 14a—14d), and over the
(present-day) fast ice by between 1.84 K (DJF) and 3.41 K (JJA). Sea-surface temperature (Figures 14e—14h) also
increases in regions where sea-ice concentration decreases but stays near the freezing point where sea-ice concen-

tration is maintained (Figures 15m—15p). In line with an increase in the moisture capacity of a warmer atmos-

phere, total precipitation (i.e., snowfall plus rainfall; Figure 14 panels i—1 and m—p, respectively) increases in all

months, but rainfall matches snowfall in DFJ by 2100 (DJF rainfall is only half of snowfall in the baseline period).

Rainfall also strongly increases in MAM (+79% compared to the baseline period). These rainfall projections are

in line with those recently reported by Vignon et al. (2021), also using CMIP6 models. Snowfall increases in all

seasons except DJF, where considerable moisture conversion to rainfall occurs.

Incoming surface shortwave radiation flux decreases in all regions and seasons, with the strongest decrease

occurring in DJF (=12.6 W m~2) when insolation is highest. This change is due to a shift toward liquid phase

clouds with a higher particle density over the Southern Ocean, which reflect more shortwave radiation (Forster

et al., 2021). Wind component magnitude (Figures 15a—15h) and speed (Figures 15i-151) changes are small

overall, but mean values (given in Table 1) hide regional variability. Overall, a slight reduction in the east-

erly and southerly components over the fast ice are suggestive of a reduction in katabatic wind outflow. Both

sea-ice concentration (Figures 15m—15p) and thickness (Figures 15q—15t) are projected to experience widespread

decline by 2100. Isolated pockets of minimal concentration change in JJA and SON are limited to the southwest-

ern Weddell Sea and western-central Ross Sea.
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regionally (from around 200 m in the Bellingshausen Sea where iceberg grounding is not closely associated

to the end of the 21st Century. In many regions, the fast-ice extent is limited in its maximum winter/springtime
extent by the distribution of grounded icebergs (Fraser et al., 2012). The depth to which fast ice forms varies

We first consider the future of Antarctic fast-ice extent, in the context of the projections of its known drivers

9.3. Fast-Ice Physical Properties Outlook
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Figure 14. Multi-model mean seasonal changes (2071-2100 minus 1985-2014) in each field over the present-day fast ice extent (outlined in black). (a—d) 2 m air

temperature. (e-h) Sea-surface temperature. (i-1) Total snowfall. (m—p) Total rainfall. (q—t) Shortwave radiation. Other fields are given in Figure 15.
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Table 1
Multi-Model Mean Seasonal Changes (From 1985-2014 to 2071-2100) and Baseline Mean Values (in Brackets) Averaged
Over the Present-Day Fast-Ice Location for the Fields of Interest

Field DJF MAM JJA SON

2 m air temperature (°C) 1.84 (-2.14) 2.96 (—10.6) 3.41 (-18.37) 2.23 (—13.16)
Sea-surface temperature (°C) 1.25 (0.52) 0.693 (-0.79) 0.139 (-1.75) 0.0869 (—1.75)
Snowfall (mmw.e. season™") —13.5(78.3) 6.26 (155.0) 20.0 (140.0) 9.86 (130.0)
Rainfall (mm season~") 26.2 (39.5) 21.7 (27.5) 4.37 (3.63) 3.52 (4.44)
Incoming SW rad (W m~2) —12.6 (253.0) —2.1(34.9) -0.2 (4.9) —6.2 (167.0)
U wind component (m s~) 0.12 (-1.97) 0.12 (-2.4) 0.02 (-2.61) 0.04 (-2.21)
V wind component (m s~!) —0.05 (0.82) —0.14 (1.84) —-0.02 (1.81) 0.00 (1.16)
Mean wind speed (m s~!) —0.06 (2.78) —0.04 (4.28) 0.04 (4.34) 0.00 (3.66)
Sea-ice concentration (%) —-12.6 (32.2) —15.7 (45.6) —11.2 (83.1) —7.44 (82.3)
Sea-ice thickness (m) —0.30 (1.43) —0.16 (0.63) —0.22 (0.82) —0.26 (1.1)

Note. SW rad is shortwave radiation and w.e. is water equivalent.

with fast ice formation, to around 450 m in the East Antarctic, where grounded icebergs stabilize a majority of
the fast ice; Fraser et al., 2021; Li et al., 2020), depending on bathymetry and the availability of suitably deep
icebergs. Projected sea-level rise by 2100 (of up to ~1.1 m) is itself unlikely to significantly affect the distribu-
tion of grounded icebergs; however changes in ice-shelf thickness (thinning in all regions, of up to ~100 m, after
Seroussi et al., 2020) will impact the draft of icebergs and hence reduce the area of iceberg grounding zones.
Using version 2 of the International Bathymetric Chart of the Southern Ocean data set (Dorschel et al., 2022) as
a reference, we calculate that a reduction in maximum iceberg depth from 400 to 300 m would result in an areal
reduction in potential circum-Antarctic iceberg grounding locations of ~53.7% (from 913,000 to 423,000 km?),
highlighting the considerable sensitivity of fast-ice extent to iceberg depth.

Wholesale collapse of vulnerable ice shelves may also impact the production of suitably deep icebergs (e.g., the
Thwaites Glacier which produces a multitude of icebergs which ground to form the Thwaites Iceberg Tongue,
~74°S, 108.5°W, contributing to the extensive fast ice in that region; Scambos et al., 2017). Recent observed
reduction in ice shelf area (Greene et al., 2022) is broadly consistent with projection of increased iceberg produc-
tion throughout the 21st Century (Massom & Stammerjohn, 2010). This may lead to an increase in the incidence
of grounded icebergs on bathymetric ridges on the continental shelf, thereby favoring fast-ice formation. The
grounding (and subsequent ungrounding) of vast, tabular icebergs, such as BO9B which remained grounded
upstream of the MGT for several decades, is known to have profound effects on fast-ice extent (Massom, Hill,
et al., 2001), but projections of the calving and subsequent grounding of such icebergs are not feasible. The
marine ice cliff instability mechanism (Pollard et al., 2015) may lead to the production of icebergs with very deep
drafts of (~800 m), thus potentially leading to iceberg grounding (and fast ice forming) in new regions (Fraser
et al., 2021).

In addition to changes in grounded iceberg distribution, projected changes in the climate are expected to have
an effect on fast-ice stability and seasonality. An increase in air and sea-surface temperature in all seasons
(Figures 14a—14h) will delay the onset of freeze-up, advance the timing of melt, and reduce thermodynamic
thickening, leading to a shorter fast-ice season in regions of seasonal fast ice. Heil (2006) found a high correlation
between wintertime mean air temperature and fast-ice thickness. Using the relationship from that study with a
CMIP6-projected wintertime air temperature increase of 3.41°C, we project a fast-ice maximum thickness change
of —0.14 m by 2100.

Changes in fast-ice physical parameters will be exacerbated by a projected increase in rainfall (Vignon
et al., 2021; Figures 14m-14p), particularly in summer and autumn, which will reduce snow albedo and become
a source of latent heat when refreezing (Dou et al., 2019). However, this effect may be balanced by the stabi-
lizing effects of higher snowfall in winter and spring (Ushio, 2006). These changes are directly reflected in the
projected sea-ice thinning in almost all regions (Figures 15g—15t). A reduction in adjacent pack-ice concentration
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Figure 15. As for Figure 14 but for 10 m eastward wind component (Panels a—d)

(m—p) and sea-ice thickness (q—t).

(Figures 15m-15p), manifesting as a more open/diffuse pack-ice cover, will both permit more ocean waves within

regions of fast ice and increase solar absorption in the upper ocean, potentially leading to more “mode 3” warm
water incursions resulting in thinning of fast ice (S. Arndt et al., 2020). Thinner fast ice has lower tensile strength,

so it is more prone to breakout (Konig Beatty & Holland, 2010). These changes also have the potential to change

multi-year fast ice to seasonal fast ice in some regions.
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Near-surface wind changes throughout the 21st Century may also influence fast-ice distribution. The CMIP6
model analysis presented here indicates a trend toward reduced easterly and southerly wind components (indic-
ative of reduced katabatic wind outflow) over fast ice, particularly around East Antarctica and in summer and
autumn (Figures 15a—151 here; and Neme et al., 2022). This may modify the trajectory of near-coastal pack ice,
resulting in a change in the interception of pack ice by coastal protrusions in some regions (e.g., Cape Darnley;
Fraser et al., 2019), though changes are likely to be region-specific, and projections appear to be sensitive to the
choice of forcing scenario (Bracegirdle et al., 2020). Based on the work of Leonard et al. (2021), the projected
increase in southerly winds in autumn and winter in the western Ross Sea (Figures 15a—151) may indicate an
increase in the activation of the McMurdo Sound Polynya in these seasons, corresponding to a decrease in fast-ice
extent there, although storminess (a key driver of fast-ice breakout in this region) has not been considered in our
interpretation of these CMIP model projections.

Although it has yet to be studied in CMIP6 models, CMIP5-based studies agree that Southern Ocean storm
tracks will intensify and move further south, potentially resulting in increased storminess in the near-coastal zone
(Chemke, 2022). Recent research has also indicated that such projected changes are underestimated by CMIP5
models (Chemke et al., 2022). An increase in storminess is likely to increase ocean swell, which is recognized
as a driver of fast-ice breakout (see Section 4 of this review). Reduced proximity of fast ice to cyclones will also
intensify the synoptic variability in wind speed and direction as cyclonic systems transit from west to east, poten-
tially destabilizing fast ice.

9.4. Biogeochemistry and Ecology Outlook

Prior work has demonstrated a link between increasing air temperature (Figures 14a—14d) and brine volume
fraction, associated with brine drainage, particularly in the interior ice (van der Merwe et al., 2011). Therefore,
fast-ice permeability is expected to increase earlier in the spring season due to warmer near-surface air temper-
ature and thinner ice (Figures 15q—15t), leading to earlier brine drainage and decrease in sea-ice bulk salinity.
Seasonally, we predict the earlier release of dissolved constituents, including Fe, from brines into underlying
seawater, coincident with the earlier fast-ice breakup, extending the growing season in coastal open water. In
the lower layers of fast ice, the increase in sea-ice permeability earlier in the season may lead to more nutrient
exchange with underlying seawater and habitable space for ice algae within sea ice. However, the predicted
increase in September-November snowfall and rainfall (Figures 141 and 14p, respectively) will have opposite
impacts on snowpack thickness during the spring melt. As a result of these conflicting processes, the insulating
properties of the snowpack may be variable, leading to more variability in sea-ice permeability and ice bottom
layer ablation.

The greatest impact on ice algal biomass will be likely due to loss of habitat through reductions in fast- (and
pack-) ice cover duration. The delayed formation and earlier breakout of seasonal fast ice will reduce the overall
habitable duration for sea-ice algae, but should favor coastal phytoplankton production due to higher light avail-
ability in ice-free areas (despite slightly lower spring and summer incoming shortwave radiation; Figures 14t
and 14q respectively). The shift from sea-ice algae to phytoplankton is likely to augment the exchanges of
climate-active gasses between the ocean and the atmosphere, with an increase in the uptake of CO, and emis-
sion of DMS respectively due to derestricted ocean-atmosphere exchange. Conversely, higher (but more varia-
ble) fast-ice permeability should result in more efficient exchange with the atmosphere for the sympagic algae
community that remains, but over a shorter overall season. Note that the CMIP6 models have no implementa-
tion of ice shelf cavities, and further work is thus required to establish the outlook of BGC dynamics in fast ice
near ice shelves.

Other details, described in this paragraph, are likely to be second-order effects. At the end of the century,
higher near-surface air temperatures (Figures 14a—14d) will likely lead to greater sea-ice porosity and
permeability, probably favoring more extensive development of internal ice algal communities as well as
surface communities. The predicted small decrease in downward solar radiation (Figures 14q and 14t),
coupled with increases in snowfall, except for summer (Figures 14i—141), will generally result in decreased
light availability for ice algal communities and likely delay the onset of the fast-ice algal spring bloom,
although increased rainfall could decrease the albedo leading to a net increase in light availability. A reduc-
tion in ice thickness will reduce the insulation capacity of the ice cover and likely negatively affect ice algal
bottom communities due to higher variability in bottom ice freeze/melt cycles. The overall importance of
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sea-ice algae as a winter and early-spring food source for pelagic and benthic herbivores (e.g., Cummings
et al., 2018) suggests that these changes will have profound flow-on ecological effects throughout coastal
Antarctic food webs.

Recently, qualitative network modeling used to explore responses of micro and macrograzers showed that
concentrations and abundances of pelagic algae, copepods, krill and fish will likely decrease as a response
to decreasing sea-ice duration and increasing temperatures (Swadling et al., 2023). Reduced duration of fast
ice due to delayed formation and earlier breakout could lead to some species being unable to complete their
life cycles. As discussed in Section 8, there appears to be a spectrum along which species fall with regard to
their dependency on fast ice. If the ice has a shortened duration, the nudibranch mollusc 7. antarcticus might
be the most adversely affected due to its limited ability to adopt a pelagic lifestyle. Drescheriella glacialis is
also a weak swimmer, but its traits including fast growth, high fecundity and overlapping generations could
mean that it will be able to thrive as long as any ice is present to complete its development and reproduce.
The reduction in salinity of brine, as a response to increased temperature and thus permeability and drainage,
could incur physiological costs for species, including microzooplankton. The microzooplankton richness in
the fast-ice zone may decrease and the resulting biomass will likely be dominated by ciliates and heterotrophic
dinoflagellates (Garcia et al., 2020). Haline and thermal plasticity are important for the two calanoid copepods,
both of which demonstrate the capacity to survive outside of an ice cover; however the number of generations
required to fully adapt to a new ice environment might be too high for them to respond effectively. Reduction
in platelet ice leading to poor recruitment of the Antarctic silverfish could produce the greatest flow-on effects
through the fast-ice trophic web as this fish is a vital food source for many marine predators—however a recent
review of platelet ice indicated that its future is highly uncertain (Hoppmann et al., 2020). P. antarcticum
populations have decreased substantially around the Western Antarctic Peninsula (Corso et al., 2022), where
increasing incursions of warm CDW have led to the disappearance of platelet ice and loss of key nursery habitat
(Hoppmann et al., 2020).

10. Summary

It should be clear by now that there is a considerable body of knowledge focusing on Antarctic fast ice. What has
also emerged from compiling this review is that the majority of studies are limited either spatially (e.g., cover-
ing a small study region), temporally (e.g., a snapshot, or covering only some part of the annual cycle), or both.
In this review, we have aimed to alleviate these shortcomings by synthesizing similar studies across space and
time. Nevertheless, while there exist regions of concentrated studies—particularly in McMurdo Sound and Terra
Nova Bay along the Victoria Land coast (162°E-170°E)—we note that there are vast tracts of fast ice which are
understudied. An example of this is the fast ice lying off the coast of Marie Byrd Land at around 140°W, which is
extensive and undergoing significant decline (Figure 13), but bereft of in situ observations due to its considerable
distance from research stations.

It is also abundantly clear that the importance of Antarctic fast ice is paramount. A wide range of glaciolog-
ical, oceanographic, biogeochemical, biological, and ecological studies have been presented here, leading to
the conclusion that fast ice exerts primary control on many aspects of the Earth system—and this conclusion is
clear even with our limited scope excluding trophic levels higher than macrograzers. As our understanding of
the near-coastal Antarctic environment deepens, and model resolution increases, neglecting or crudely param-
eterizing fast ice and its multitude of interactions becomes unthinkable. Conversely, a realistic and appropriate
representation of fast ice in scientific studies will pave the way to a better understanding of this crucial element
of the Antarctic ice-scape, as well as its far-reaching effects.

It is worth posing the question “which is more important—the shrinkage of pack ice or the loss of fast ice into
the 21st Century?” Given the fact that pack ice covers around one order of magnitude more area than fast ice
at any given time of year, it is natural to assume that the loss of pack ice will be more important—however this
conclusion is currently unable to be strongly supported without both (a) the ability of global coupled models to
accurately represent recent trends in Antarctic sea ice (Roach et al., 2020), and (b) fast ice representation in these
models. Here we have shown that fast ice “punches well above its weight” in terms of its climate impact, and its
inclusion in climate models should be a focus from now.
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As a synthesis of the gaps presented at the end of each of the main Sections 2—8 here, we now present conclud-
ing remarks highlighting suggested future research in terms of fast-ice observations (both in situ and remote)
and modeling. Taken on a circum-Antarctic scale, the present state of in situ fast-ice observation is somewhat
disparate, with the AFIN (which covers only physical and basic chemical parameters) being the only attempt at
measurement standardization (Heil, Gerland, & Granskog, 2011). In synthesizing chlorophyll-a measurements
from Antarctic fast-ice cores, Meiners et al. (2018) pointed to the lack of consistent coring methodology and
a highly non-uniform distribution of samples throughout space and time as major impediments to achieving a
representative data set. As such, we urge the fast-ice community to develop new standardized methods for joint
physical, biogeochemical and biological sampling, with a view to automated deployments in regions and time
periods currently undersampled. A coordinated suite of observations would facilitate baseline characterization of
key parameters as well as early identification of system changes.

Regarding remote observations of fast ice, we reiterate the fundamental importance of knowledge of large-scale
fast-ice distribution. From a long-term, high-resolution data set of fast-ice distribution, many crucial baseline
parameters can be obtained (e.g., the climatological cycle of fast-ice extent), as well as studies on the varia-
bility and trends in fast-ice cover. Complementary studies can then leverage such a data set, for example, the
key parameters of fast-ice freeboard and roughness can be easily estimated altimetrically if its spatial distribu-
tion is known. However, accurate estimates of fast-ice density and snow density and thickness are still required
for accurate conversion from freeboard to thickness using hydrostatic principles, and this requires further (and
more-widespread) in situ sampling (particularly in regions of rough fast ice, where few in situ measurements
exist). As such, we underscore the importance of developing an automated and accurate method for the near-real
time extraction of fast-ice distribution from satellite imagery, upon which a wide range of multi-disciplinary
studies can be based.

While the one-dimensional simulation of fast ice has quickly progressed toward maturity (e.g., Wongpan
et al., 2021), the accurate simulation of fast ice in three dimensions has only been achieved recently for the
first time (Huot et al., 2021; Van Achter, Fichefet, Goosse, Pelletier, et al., 2022), following the lead of the
Arctic modeling community (Konig Beatty & Holland, 2010; Lemieux et al., 2016). Now that this has been
demonstrated, it is hoped that many more regional sea ice-ocean models will incorporate the techniques needed
to fully model fast ice, and that such an implementation paves the way for Antarctic fast-ice representation in
circumpolar (and eventually global) models. The validation of these model outputs is also of crucial impor-
tance. The ability to study the formation, growth, decay and breakout of fast ice in a model not only unlocks
new insights from process studies (e.g., the interaction between fast-ice extent and adjacent coastal polynya
sea-ice production; Fraser et al., 2019), but also allows new understanding of fast-ice climate sensitivity and
future projections.

Regarding the future of Antarctic fast ice, it is expected from the CMIP6 projections presented here that
season duration will decrease, owing to a loss of adjacent protective pack ice, warming air and sea-surface
temperatures, and increasing rainfall and storminess. As a consequence of the same drivers, many regions
of multi-year fast ice will shift to seasonal fast ice, a process which has possibly already begun (as indicated
by the loss of multi-year fast ice in early 2022, shown in Figure 13). The wintertime maximum extent of
fast ice is difficult to project in the absence of prognostic representation in models: it is likely that fast-ice
extent may be more resilient against change during wintertime, where the limiting factor is no longer envi-
ronmental drivers but the distribution of grounded icebergs. However, its thickness may decrease in line
with a shorter growth season. With so many uncertain interactions, incorporation of Antarctic fast ice into
circum-Antarctic ice-ocean-atmosphere models becomes an urgent priority—an achievement which will
contribute considerably to our understanding of this often overlooked but crucial component of the near-
shore Antarctic system.

Appendix A: Literature Search Terms

Table Al lists the final Scopus (available at https://www.scopus.com) search particulars used for each review
section. Slight differences in search string format between sections were used to ensure wide coverage of relevant
literature within each section.
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Scopus Search Particulars for Each Review Section
Section Date performed Search string Hits
2: “Growth and properties” 2021-08-04 TITLE-ABS-KEY (landfast ice OR fast ice OR land-fast ice OR landfast sea ice OR land-fast sea 99
ice AND (antarctic OR antarctica) AND (thermodynamic OR thermodynamics OR thickness
OR dimensional))
3: “Distribution, seasonality, remote 2021-08-05 TITLE-ABS-KEY (landfast ice OR fast ice OR fast-ice OR land-fast ice OR landfast sea ice OR 98
sensing” land-fast sea ice AND (antarctic OR antarctica) AND (seasonality OR remote sensing OR
climatology OR mapping OR break-up OR breakup OR break-out OR breakout))
4: “Fast ice-atmospheric interactions” 2021-07-29 TITLE-ABS-KEY (landfast ice OR fast ice OR land-fast ice OR landfast sea ice OR land-fast sea 105
ice AND antarctic AND atmosphere OR atmospheric OR wind OR teleconnection OR climate
OR breakout OR breakup OR weather)
5: “Fast ice-ocean interactions” 2021-07-09 TITLE-ABS-KEY (landfast ice OR fast ice OR land-fast ice OR landfast sea ice OR land-fast sea 166
ice AND antarctic OR antarctica AND ocean)
6: “Biogeochemistry” 2021-08-05 TITLE-ABS-KEY (landfast ice OR fast ice OR land-fast ice OR landfast sea ice OR land-fast sea 72
ice AND (antarctic OR antarctica) AND (nutrient OR nutrients OR metals OR carbon OR
bioactive gases OR biogeochemistry OR biogeochemical))
7: “Primary production” 2021-07-28 TITLE-ABS-KEY (landfast ice OR fast ice OR land-fast ice OR landfast sea ice OR land-fast sea 105
ice AND antarctic OR antarctica AND algae OR primary) Take 2: TITLE-ABS-KEY (landfast
ice OR fast ice OR land-fast ice OR landfast sea ice OR land-fast sea ice AND antarctic OR
antarctica AND algae OR primary OR chlorophyll)
8: “Grazers” 2021-07-30 TITLE-ABS-KEY (landfast ice OR fast ice OR land-fast ice OR landfast sea ice OR land-fast 183
sea ice OR sea ice AND antarctic OR Antarctica AND copepods OR fish OR pteropods OR
grazers OR grazing OR amphipods OR meiofauna AND NOT krill AND NOT penguin AND
NOT seal)
Appendix B: CMIP6 Model Variants Used
Table B1 indicates which CMIP6 models and variants were used in Section 9 here to estimate the change in envi-
ronmental parameters around the present-day fast-ice location by the end of the 21st Century.
Table B1
CMIP6 Model, Variant, and Model Reference
Model Variant DOI
ACCESS-CM2 rlilplfl https://doi.org/10.22033/ESGF/CMIP6.2281
ACCESS-ESM1-5 rlilplfl https://doi.org/10.22033/ESGF/CMIP6.2288
CMCC-ESM2 rlilplfl https://doi.org/10.22033/ESGF/CMIP6.13165
CNRM-CM6-1 rlilplf2 https://doi.org/10.22033/ESGF/CMIP6.1375
CNRM-CM6-1-HR rlilp1f2 https://doi.org/10.22033/ESGF/CMIP6.1385
CNRM-ESM2-1 rlilp1f2 https://doi.org/10.22033/ESGF/CMIP6.1391
EC-Earth3 rlilplfl https://doi.org/10.22033/ESGF/CMIP6.181
EC-Earth3-CC rlilplfl https://doi.org/10.22033/ESGF/CMIP6.640
EC-Earth3-Veg rlilplfl https://doi.org/10.22033/ESGF/CMIP6.642
EC-Earth3-Veg-LR rlilplfl https://doi.org/10.22033/ESGF/CMIP6.643
GFDL-ESM4 rlilplfl https://doi.org/10.22033/ESGF/CMIP6.1407
IPSL-CM6A-LR rlilplfl https://doi.org/10.22033/ESGF/CMIP6.1534
MIROC-ES2L rlilp1f2 https://doi.org/10.22033/ESGF/CMIP6.5602
MIROC6 rlilplfl https://doi.org/10.22033/ESGF/CMIP6.881
MPI-ESM1-2-HR rlilplfl https://doi.org/10.22033/ESGF/CMIP6.741
MPI-ESM1-2-LR rlilpl1fl https://doi.org/10.22033/ESGF/CMIP6.6595
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https://doi.org/10.22033/ESGF/CMIP6.1375
https://doi.org/10.22033/ESGF/CMIP6.1385
https://doi.org/10.22033/ESGF/CMIP6.1391
https://doi.org/10.22033/ESGF/CMIP6.181
https://doi.org/10.22033/ESGF/CMIP6.640
https://doi.org/10.22033/ESGF/CMIP6.642
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Table B1
Continued
Model Variant DOI
MRI-ESM2-0 rlilplfl https://doi.org/10.22033/ESGF/CMIP6.621
NESM3 rlilplfl https://doi.org/10.22033/ESGF/CMIP6.2021
UKESM1-0-LL rlilplf2 https://doi.org/10.22033/ESGF/CMIP6.1569

Selected Acronyms and Glossary

Acronyms

AABW Antarctic Bottom Water

AASW Antarctic Surface Water

ACoC Antarctic Coastal Current

AEM Airborne Electromagnetic

AFIN Antarctic Fast Ice Network

AMSR Advanced Microwave Sounding Radiometer

ASF Antarctic Slope Front

CMIP Coupled Model Intercomparison Project

CDW Circumpolar Deep Water

DFe Dissolved iron

DIC Dissolved Inorganic Carbon

DIN Dissolved Inorganic Nitrogen

DMSP Dimethylsulfoniopropionate

DMS Dimethyl sulfide

DOC Dissolved Organic Carbon

DON Dissolved Organic Nitrogen

DSW Dense Shelf Water

ENSO El Nifio—Southern Oscillation

EPS Exopolysaccharides

GLAS Geoscience Laser Altimeter System

HH Horizontal transmit and horizontal receive

HSSW High Salinity Shelf Water

ICESat Ice, Cloud and Land Elevation Satellite

InSAR Interferometric SAR

ISW Ice Shelf Water

MAAs Mycosporine-like Amino Acids

mCDW Modified Circumpolar Deep Water

MGT Mertz Glacier Tongue

MODIS Moderate Resolution Imaging Spectroradiometer

NPZD Nutrient, Phytoplankton, Zooplankton and Detritus (NPZD) model

TDLs Theoretical Dilution Lines

pCO, Partial pressure of CO,

PFe Particulate iron

POC Particulate Organic Carbon

SAO Semi-Annual Oscillation

SAM Southern Annual Mode

SAR Synthetic aperture radar

SIRAL-2 Synthetic Interferometric Radar Altimeter-2

SSP Shared Socioeconomic Pathway

TIR Thermal infrared

WMO World Meteorological Organization

ww Winter Water
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Glossary

Chlorophyll-a (Chla)
proxy of sea-ice algal biomass

A green pigment found in plants including sea ice algae. Its concentration is a

Incorporated platelet ice Consolidated ice comprised of a locally grown sub-ice platelet layer and advancing
interface of an established ice cover

Landfast sea ice (fast ice)
commonly-used range) to icebergs grounded on the continental shelf, or to the coastline itself

Fast ice is sea ice that is fastened for a period of time (at least 2 to 3 weeks is a

(including ice shelves)

Pack ice Unlike fast ice, pack ice is mobile and advects with winds and currents

Pelagic Related to the water column (can be classified into zones by depth)

Primary production The creation of organic matter through photosynthesis

Polynya An open area of unfrozen seawater surrounded by sea ice

Snow ice A sea ice type formed by flooding of the upper ice surface with seawater, and freezing of the

resultant slush
Sub-ice platelet layer (SIPL)
platelet layer is a highly porous, isothermal, friable layer of ice crystals and saltwater, and it can

A layer of unconsolidated sea ice found near Antarctic ice shelves. The sub-ice

grow to a thickness of several meters

Superimposed ice A sea ice type which forms when meltwater percolating down through the snow column
refreezes on contact with the ice surface into an impermeable layer of ice with a polygonal
structure

Sympagic A sympagic ecosystem is one where the majority of the water is present as ice, including fast

ice-associated algae

Data Availability Statement

CMIP6 data used to create Figures 14 and 15 are available on the NCI ESGF replica (see https://esgf.nci.org.au/
search/cmip6-nci/) and were accessed via the Climate Finder search ESGF data at NCI (https://clef.readthedocs.
io/en/stable/). The code used to create these figures is available at https://github.com/sfiddes/code_for_publica-
tions/tree/main/fast_ice_review. Data used to create Figure 4 are available at http://dx.doi.org/doi:10.26179/5d-
267d1ceb60c. Data used to create Figure 13 are available at http://dx.doi.org/doi:10.26179/5d267d1ceb60c and
http://dx.doi.org/doi:10.26179/g5pp-2960.
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