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carried out in late spring of 2011, 2013, 2016 and 2017. In 2011 and 2017, thicker sub-ice 

platelet layers of up to 7.5 metres and 6 metres were observed, respectively. Fast ice formation 

throughout the winters of 2011 and 2017 was influenced by a higher occurrence of strong 

southerly wind events and resultant activity of the Ross Sea Polynya. In contrast, lower wind 

conditions in 2016 led to largely undisturbed sea ice growth and anomalously extensive fast 

ice coverage. A thinner sub-ice platelet layer of up to 4 metres was observed in 2016. In 2011 

and 2017, substantial and variable sub-ice platelet layers were detected in a region of exchange 

of water masses between the Ross Sea and the McMurdo-Ross ice shelf cavity, which were not 

observed in 2013 and 2016. We hypothesize that a higher frequency of strong southerly wind 

events, resultant polynya activity and High Salinity Shelf Water production over winter 

accelerates circulation and increases melting in the proximal shallow McMurdo Ice Shelf and 

the deeper Ross Ice Shelf regions of the conjoined cavity. The outflow of supercooled Ice Shelf 

Water and sub-ice platelet layer formation in McMurdo Sound are consequently promoted.  
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Abstract 

In proximity to ice shelves, the growth of land-fast sea ice can be influenced by meltwater in the 

upper surface ocean originating from basal melting. In the western Ross Sea, strong southerly 

winds advect sea ice offshore and form regions of open water called coastal polynyas. Sea ice is 

produced intensively within polynyas and the rejected brine forms highly dense and saline High 

Salinity Shelf Water which can sink down into a nearby ice shelf cavity and melt or dissolve the 

ice shelf base at depth. The meltwater has a potential temperature below the surface freezing 

point and forms buoyant plumes of Ice Shelf Water which rise along the basal slope becoming 

in-situ supercooled as the pressure decreases. Supercooling promotes the formation of frazil ice 

which can grow into larger platelet ice crystals. The outflow of supercooled Ice Shelf Water from 

the McMurdo-Ross Ice Shelf cavity drives accelerated land-fast sea ice formation, increased sea 

ice thicknesses, and the formation of an unconsolidated sub-ice platelet layer in McMurdo Sound. 

The volume of supercooled Ice Shelf Water outflowing into McMurdo Sound is reflected in the 

thickness of ice shelf-influenced land-fast sea ice and the sub-ice platelet layer beneath. In this 

thesis, spatio-temporal variability in the distribution of land-fast sea ice and the sub-ice platelet 

layer was assessed in McMurdo Sound using a combination of drill hole and electromagnetic 

induction surveying and satellite altimetry techniques. A consistent pattern of thicker ice shelf-

influenced land-fast sea ice with a substantial sub-ice platelet layer beneath was observed in the 

central-western region of the sound. On interannual timescales, thicker and variable sub-ice 

platelet layers were observed in late spring following winters subject to a higher occurrence of 

strong southerly wind events and resultant polynya activity. It was hypothesized from this study 

that a higher frequency of polynya activity over winter and resultant High Salinity Shelf Water 

production accelerates circulation and increases melting in the proximal shallow McMurdo Ice 

Shelf and the deeper Ross Ice Shelf regions of the conjoined cavity. The outflow of supercooled 

Ice Shelf Water and sub-ice platelet layer formation in McMurdo Sound are consequently 

promoted. The temporal evolution of the sub-ice platelet layer was assessed with stationary 

electromagnetic induction time-series surveys near the McMurdo Ice Shelf over winter and over 

a spring-neap tidal cycle in the following late spring. Diurnal variability in the thickness of the 

sub-ice platelet layer correlated with the oscillation of the tides, and accelerated growth in the 

sub-ice platelet layer co-occurred with strong southerly wind events and polynya activity in the 

region in early spring. The sub-ice platelet layer was substantially thicker beneath multi-year ice 

near the ice shelf. A combination of the tides, wind-driven polynya activity and the presence of 

multi-year ice influences the circulation of Ice Shelf Water and consequently the evolution of the 

sub-ice platelet layer over a range of timescales. The capability of the CryoSat-2 satellite radar 

altimeter to detect the influence of Ice Shelf Water on land-fast sea ice by identifying 

anomalously higher ice freeboard driven by thicker ice-shelf influenced sea ice and the buoyant 

forcing of the sub-ice platelet layer in McMurdo Sound was investigated. The spatial distribution 

of anomalously higher CryoSat-2 derived ice freeboard correlated with the distribution of thicker 

ice shelf-influenced sea ice, the sub-ice platelet layer, and the supercooled Ice Shelf Water plume 

in late spring every year. This comprehensive study has bridged the scales between ground-based 

geophysical observations and satellite-scale assessments, and achieved the objective of 

enhancing the understanding of interconnections between wind-driven polynya activity, ocean 

circulation, Ice Shelf Water outflow and Antarctic land-fast sea ice formation. 
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Chapter 1  

Introduction 

1.1 Rationale  

The interplay between sea ice, coastal polynyas, and ice shelves on the Antarctic coastline is 

complex and has major implications for the mass balance of the Antarctic Ice Sheet (AIS) and 

global ocean circulation. The Antarctic continent is covered by an ice sheet with an average 

thickness of 2.1 kilometres (Fretwell et al., 2013). The volume of freshwater locked up in the 

AIS has the potential to raise global sea level by 57-58 metres (Fretwell et al., 2013, Rignot et 

al., 2019). Between 1992 and 2017, the AIS lost 2720 ± 1390 Gt of ice, corresponding to a mean 

sea level rise of 7.8 ± 3.9 mm (Shepherd et al., 2018). The total mass loss of ice from the AIS 

increased by a factor of 6 between 1979 and 2017 and this acceleration has been attributed to 

ocean-driven melting of ice shelves (Rignot et al., 2019).  

Ice shelves are the floating extension of the grounded ice sheet and play a critical role in the mass 

balance of the AIS by buttressing the flow of the grounded ice streams (Fürst et al., 2016). Ice 

shelves and outlet glaciers comprise seventy-four percent of the Antarctic coastline 

(Bindschadler et al., 2011) and present an enormous interface where the ocean can directly 

interact with the grounded ice sheet. Basal ocean-driven melting near the grounding zones of 

outlet glaciers and the frontal zones of large ice shelves drives half of the net mass loss of ice 

shelves (Rignot et al., 2013, Depoorter et al., 2013). Basal mass loss of ice shelves is accelerating 

particularly in the Bellingshausen/Amundsen Sea sector (Paolo et al., 2015), and this has been 

attributed to increased penetration of Circumpolar Deep Water (CDW) into ice shelf cavities 

driven by enhanced polar westerlies (Rignot et al., 2019). 

The Southern Ocean is a critical location for meridional overturning and global ocean circulation. 

Strong westerly winds drive upwelling of deep water which is converted through sea ice 

formation into dense water that sinks down and sets up thermohaline circulation (Meredith and 

Brandon, 2017). This process is primed by dense water formation and buoyancy loss with brine 

rejection from sea ice formation primarily within coastal polynyas during winter. Freshening of 

the upper water column could have major implications for deep water formation and global 

thermohaline circulation (Kusahara and Hasumi, 2014, Silvano et al., 2018). Ice shelf 

meltwater cools, freshens and stratifies the upper surface layer of the ocean (Hellmer, 2004).  
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The formation and vertical convection of dense shelf water masses within coastal polynyas at 

an ice shelf margin can hinder the penetration of CDW into ice shelf cavities and prevent basal 

melting of ice shelves and outlet glaciers (Silvano et al., 2018). Enhanced stratification of the 

upper water column by increased glacial freshwater melt input was modelled to hinder the 

formation of dense shelf water in the Dalton Polynya on the Sabrina Coast allowing modified 

CDW to penetrate and drive basal melting in the Totten Ice Shelf cavity (Silvano et al., 2018).  

Atmospheric variability and winds drive coastal polynya formation (Nakata et al., 2015), High 

Salinity Shelf Water (HSSW) production (Ohshima et al., 2016) and Ice Shelf Water (ISW) 

formation at depth (MacAyeal, 1984) through mode 1 circulation (Jacobs et al., 1992). Coastal 

polynyas are regions of intense sea ice formation, producing 10% of Antarctic sea ice but only 

comprising 1% of the maximum sea ice area (Tamura et al., 2008). Coastal polynyas play a 

critical role in transporting heat energy from the ocean surface directly to the margin of the 

AIS in the grounding zones of ice shelves and outlet glaciers (Silvano et al., 2018). Open water 

or thin ice coverage within a coastal polynya facilitates rapid heat exchange from the ocean to 

the atmosphere forming frazil ice crystals (Ito et al., 2015).   

Sea ice formation and brine rejection within coastal polynyas form a highly saline and dense 

water mass called High Salinity Shelf Water (HSSW) (refer to Figure 1.1) (Ohshima et al., 

2016). HSSW is maintained at the surface freezing temperature (-1.9°C) (Foldvik et al., 2004) 

and is dense enough to sink down the seafloor and circulate into adjacent ice shelf cavities 

where it can drive basal melting in the grounding zone (Jacobs et al., 1992). The resultant 

meltwater is formed at depth where the pressure-dependent freezing point is depressed 

(MacAyeal, 1984). The relatively fresh water mass is termed Ice Shelf Water (ISW) and is 

defined as being potentially supercooled (i.e., potential temperature below the surface freezing 

point (~-1.9°C)) (Jacobs et al., 1985) which can rise in buoyant plumes from depth (Jenkins 

and Bombosch, 1995). 

As ISW rises from depth, it can become in-situ supercooled (Foldvik and Kvinge, 1974, Jenkins 

and Bombosch, 1995) and frazil ice crystals can form (Holland and Feltham, 2005). The frazil 

ice can grow into larger platelet ice crystals which can be transported out from ice shelf cavities 

(Langhorne et al., 2015, Leonard et al., 2011, Smith et al., 2001) and freeze into the base of 

nearby sea ice to form consolidated platelet ice (Smith et al., 2012, Smith et al., 2001). The 

consolidation of platelet ice augments sea ice formation (Eicken and Lange, 1989) and increases 

the sea ice thickness (Purdie et al., 2017, Gough et al., 2012). Once the conductive heat flux from 
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the sea ice to the atmosphere becomes sufficiently low or the supply of frazil and platelet ice 

abundant enough to overtake normal thermodynamic sea ice growth, an unconsolidated mass of 

platelet ice crystals called a sub-ice platelet layer (SPL) can form beneath (Dempsey et al., 2010, 

Hoppmann et al., 2015a, Gough et al., 2012). The signature of supercooled ISW can thus be 

quantified from anomalously thicker sea ice with incorporated platelet ice and by the presence of 

an unconsolidated SPL (Langhorne et al., 2015).  

 

 

Figure 1.1. Schematic of the interactive system between an ice shelf, coastal polynya and sea 

ice. Diagram illustrating wind-driven coastal polynya formation and mode 1 High Salinity Shlef 

Water (HSSW) circulation into the ice shelf cavity, supercooled Ice Shelf Water (ISW) outflow 

and sub-ice platelet layer (SPL) formation beneath adjacent fast ice. 

 

The thickness and volume of ice shelf-influenced fast ice and the SPL are the direct manifestation 

of the volume and temporal persistence of supercooled ISW outflow (Dempsey et al., 2010, 

Gough et al., 2012, Langhorne et al., 2015), and the atmospheric and oceanographic processes 

driving coastal polynya activity, HSSW production and ISW formation within an ice shelf cavity 

(Brett et al., 2020). The presence and abundance of both consolidated platelet ice and the SPL 

thus provide important information about the volumes of supercooled ISW outflowing in a region 

and the processes at play within inaccessible ice shelf cavities and the open ocean. Long-term 

monitoring provides information on the impacts of variability in the atmospheric and 

oceanographic processes driving ISW formation deep within an ice shelf cavity. Given the 

inaccessibility of ice shelf cavities and the difficulty of sampling sea ice covered coastal regions 

in winter, there is a paucity of direct observations of HSSW production within coastal polynyas, 

HSSW circulation and HSSW-driven ISW formation within the cavity. Therefore, much of the 
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current knowledge about the interactions between sea ice, polynyas and circulation within ice 

shelf cavities is based on ocean modelling. Given the difficulty of accessing land-fast sea ice and 

the logistical constraints of carrying out field observations with ground-based methods, it is 

possible that many unobserved regions of coastal sea ice around Antarctica are influenced by the 

outflow of ISW in the upper ocean and the presence of platelet ice. A means to identify these 

regions in large-scale satellite assessments is highly desirable. 
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1.2 Aims and Objectives  

The aim of this PhD research is to enhance the understanding of the interactions between ice 

shelves and sea ice in the Southern Ocean, and to progress the current knowledge of ice shelf-

influenced land-fast sea ice in Antarctica using a combined approach that builds in spatial and 

temporal scales using in-situ measurements, electromagnetic induction and satellite altimetry 

techniques. This will be achieved by carrying out the following objectives: 

 

 

1. Assess interannual variability in ice shelf-influenced land-fast sea ice and the sub-ice 

platelet layer with electromagnetic induction techniques and in-situ measurements in 

relation to regional winds, coastal polynya activity and Ice Shelf Water outflow from an 

ice shelf cavity. 

 

2. Investigate the evolution of ice shelf-influenced land-fast sea ice and the sub-ice platelet 

layer near an ice shelf over winter in a region of exchange between the open ocean, a 

coastal polynya and an ice shelf cavity. 

 

3. Assess short timescale variability in the sub-ice platelet layer near an ice shelf over a 

spring-neap tidal cycle in a region of supercooled Ice Shelf water outflow, in relation to 

the oscillation of the tides and wind-driven circulation. 

 

4. Assess the capability of a satellite radar altimeter to detect freeboard anomalies in a region 

influenced by the outflow of supercooled Ice Shelf Water using multiple years of field-

measured ice shelf-influenced land-fast sea ice and the sub-ice platelet layer distributions 

for validation. 

 

 

This research will be carried out on ice shelf-influenced land-fast sea ice in McMurdo Sound, in 

the western Ross Sea, Antarctica, and will utilise five years of late spring coincident in-situ 

measurements, ground-based electromagnetic induction surveys, and satellite altimetry surface 

elevation retrievals to assess spatial and temporal variability in ice shelf-influenced land-fast sea 

ice and the sub-ice platelet layer on interannual and diurnal timescales. 
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1.3 Structure of the thesis 

This thesis is comprised of three individual, and complementary, research studies that form 

Chapters 3, 4 and 5. Chapter 3 has been accepted for publication in a peer-reviewed journal and 

is presented as it is published. Chapters 4 and 5 are written in thesis format and refer to detailed 

descriptions of the McMurdo Sound study area and the regional oceanography in the western 

Ross Sea provided in Chapter 3.  

 

I. Chapter 1 provides context, rationale and background information for the PhD research. 

 

II. Chapter 2 provides a detailed description of the in-situ measurements, and the 

electromagnetic induction and satellite altimetry technology, theory and processing 

techniques used to measure ice shelf-influenced land-fast sea ice and the sub-ice platelet 

layer in McMurdo Sound. 

 

III. Chapter 3 is an investigation into interannual spatial variability in ice shelf-influenced 

land-fast sea ice and the sub-ice platelet layer in McMurdo Sound. 

 

IV. Chapter 4 was motivated by the short timescale variability observed in the sub-ice 

platelet layer in chapter 3, and accordingly, investigates the temporal evolution of the 

sub-ice platelet layer over winter and with the oscillation of the tides. 

 

 

V. Chapter 5 utilises the five years of highly detailed assessments of the distributions of 

ice-shelf influenced land-fast sea ice and the sub-ice platelet layer in McMurdo Sound 

presented in Chapters 3 and 4, to assess the capability of a satellite radar altimeter to 

detect anomalously higher freeboard driven by supercooled Ice Shelf water outflow in 

McMurdo Sound. 

 

Chapter 6 summarises the research achieved in Chapters 3, 4 and 5 and provides an outlook for 

future work and the relevance of the main outcomes of this PhD research. 
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1.4 Sea ice and the global climate system  

Sea ice regulates the Earth’s climate. The high albedo and vast coverage of sea ice is an important 

component in the radiation budget of the planet (Perovich, 2017). Sea ice formation and brine 

rejection produce cold and highly saline water which can sink from the surface layer transporting 

oxygen, dissolved carbon dioxide and nutrients to the deep ocean (Wadhams, 2000). Deep water 

formation and thermohaline convection drive global ocean circulation which transports and 

distributes heat energy, dissolved gases and nutrients around the planet. Heat energy transported 

by ocean currents from equatorial regions to polar latitudes is released to the atmosphere via sea 

ice formation. The rate of heat energy flux is determined by the extent, thickness and temporal 

persistence of the sea ice cover (Wadhams, 2000). The sea ice layer insulates and affects the 

exchange of heat energy, momentum, water vapour and other gases between the ocean and 

atmosphere (McPhee, 2017), and alters light penetration into the ocean, (Perovich, 2017) 

affecting photosynthesising primary producers. Sea ice provides an important habitat for micro-

organisms and a platform for sea mammals and penguins. 

Sea ice begins to form once the entire mixed layer of the upper ocean is cooled to the freezing 

point (Petrich and Eicken, 2017) through heat energy exchange to the atmosphere. The dominant 

process for sea ice formation in the Antarctic is the pancake-frazil cycle (Petrich and Eicken, 

2017). In dynamic ocean conditions, frazil ice crystals suspended in the water column are 

compressed and accreted into pancake ice formations by wave oscillations (Petrich and Eicken, 

2017). Pancake ice coalesces into larger floes and then continuous sheets of consolidated pancake 

ice (Wadhams, 2000). In calm ocean conditions, a suspension of frazil or grease ice forms in the 

surface layer which can freeze into a thin sheet of ice called nilas (Wadhams, 2000). Water 

molecules freeze to the bottom of the nilas ice sheet in a thermodynamic process called 

congelation growth, and downward ice growth ensues in a columnar ice structure. These 

processes yield First Year (FY) sea ice with typical thicknesses of 1 m in the Antarctic 

(Wadhams, 2000). In a supercooled water column, frazil ice can grow into larger platelet ice 

crystals through heat exchange to the surrounding ocean water (Petrich and Eicken, 2017). Once 

the sea ice starts to form, snow can be deposited on the surface forming an insulating layer which 

affects sea ice thermodynamics and growth rates (Massom et al., 2001). 

Multi-year (MY) ice refers to sea ice that has persisted for at least two summer melt seasons. The 

majority of Antarctic MY ice is found in sheltered coastal regions or within retaining circulation 

systems such as the sub-polar gyre in the Weddell Sea (Meredith and Brandon, 2017). Pack ice 
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describes freely floating floes of sea ice subject to drift with ocean currents and wind forcing. 

Land-fast sea ice (henceforth referred to as fast ice) is attached to the coast via land, an ice shelf 

or between shoals or grounded icebergs. Grounded icebergs act as pinning points for 

thermodynamic growth of fast ice and also act as a barrier to drifting pack ice facilitating 

incorporation of sea ice floes into the fast ice (Massom et al., 2009). A relationship between 

variability in regional pack ice and fast ice extent has been observed (Fraser et al., 2012) 

suggesting that pack ice buffers fast ice from ocean swell and waves (Langhorne et al., 2001).  

 

1.5 The Southern Ocean 

The Antarctic continental landmass is entirely surrounded by the Southern Ocean, the only 

zonally contiguous ocean on the planet. The circumpolar Southern Ocean consists of a complex 

arrangement of water masses (Figure 1.2). The eastward flowing Antarctic Circumpolar Current 

(ACC) is driven by the strong predominately westerly winds in the Southern Ocean and is the 

largest current system in the world (Meredith and Brandon, 2017). The westward flowing 

Antarctic Coastal Current propagates along the Antarctic coastline and is deflected by land 

barriers in the Ross and Weddell Seas (Wadhams, 2000). Precipitation and meltwater from sea 

ice, ice shelves and icebergs forms cold and low salinity Antarctic Surface Water (AASW). The 

Antarctic Polar Front forms a boundary between cold AASW and warmer surface water masses 

at lower latitudes (~50˚S latitude), and roughly delineates the northern extent of Antarctic sea ice 

(Marshall and Speer, 2012). Circumpolar Deep Water (CDW) originates at lower latitudes and 

is warmer and more saline than the overlying AASW. The majority of the Antarctic continental 

shelf is narrow (tens of kilometres) and typically deepens into a shelf basin (~500 m depth) 

(Heywood et al., 2014). The Ross and Weddell Sea embayments have wide continental shelves 

(hundreds of kilometres). Antarctic Bottom Water (AABW) is formed by mixing of cold, near 

freezing coastal waters on the continental shelf with relatively warm and higher salinity CDW 

northward of the shelf (Meredith and Brandon, 2017, Orsi et al., 1999). This process is primed 

by the formation of HSSW and buoyancy loss with brine rejection from sea ice formation within 

coastal polynyas during winter (Foldvik et al., 2004). The largest volumes of AABW are 

produced in the Weddell Sea, the Ross Sea and off the Adelie Coast,  primarily because of HSSW 

produced within the large coastal polynyas that occur in these regions (Ohshima et al., 2016, 

Ohshima et al., 2013). Ice Shelf Water plays a significant role in AABW formation in the 

Weddell and Ross Seas (Meredith and Brandon, 2017). 
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Figure 1.2 Diagram of Southern Ocean water masses, ocean circulation and glaciological 

processes occurring in coastal regions of Antarctica (National Research Council, 2011). 

 

1.6 Variability of Antarctic sea ice 

In the Southern Ocean, the total sea ice area can reach up to ~19 million km2 in austral winter, 

declining to ~3 million km2 in summer (Figure 1.3) (Meredith and Brandon, 2017). The annual 

cycle of Antarctic sea ice expansion and recession is one of the largest seasonal signals occurring 

on the planet, typically expanding from March to September, and then receding from October to 

February. In the Ross Sea, the maximum sea ice extent advances to 60˚S longitude and is 

typically reached in September (Cavalieri and Parkinson, 2008). In most Antarctic regions, the 

minimum extent occurs in February, and later in the Ross, Bellingshausen and Amundsen seas 

in March (DeLiberty et al., 2011).  
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Figure 1.3. (Top) Ocean sectors of the Southern Ocean, Antarctica (Parkinson, 2019), and 

(bottom) Antarctic sea ice extent (left) maximum on October 6th 2015 and (right) minimum on 

February 19th 2016 with percentage sea ice concentration (NASA Earth Observatory). 

 

 

An overall but non-circumpolar increase in Antarctic sea ice extent was observed over the past 

four decades (Parkinson, 2019), concurrent with decreasing and increasing sea temperatures, in 

the upper and deeper layers of the Southern Ocean, respectively (Bintanja et al., 2013). Prior to 

2015, a significant positive trend was observed in the Ross Sea (+13,700± 1500 km2 yr-1), 

whereas a strong negative trend was recorded in the Bellingshausen/Amundsen Sea sector (-

8200± 1200 km2 yr-1) (Comiso et al., 2011, Parkinson and Cavalieri, 2012). In 2015, Antarctic 

sea ice began to decline and has continued to decrease thereafter with unprecedented minimum 

extents observed in 2016 and 2017 (Figure 1.4) (Parkinson, 2019). 
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Variability in Antarctic sea ice is forced by the interaction of regional winds, sea ice drift, air 

and ocean temperatures, and freshwater input from ice shelves and precipitation (Stammerjohn 

and Maksym, 2017). A number of drivers have been postulated for the prior observed expansion 

of Antarctic sea ice extent, including increased precipitation at high latitudes (Liu and Curry, 

2010) and natural variability or anthropogenic-driven climate forcing in the Southern Annular 

Mode (SAM) and El Niño/Southern Oscillation (ENSO) (Gagné et al., 2015, Holland and Kwok, 

2012, Turner et al., 2009, Stammerjohn et al., 2008). Variability in the propagation of storm-

generated waves and sea ice break-up in the marginal ice zone have been modelled to affect 

sea ice extent (Kohout et al., 2014). Complex atmospheric and oceanic feedbacks have been 

investigated where sea ice growth, inhibited by increasing air and sea surface temperatures, 

reduces brine rejection and suppresses convective overturning. The ocean heat flux available 

to melt existing sea ice is consequently reduced and a net increase in sea ice production can 

result, if the rate of growth exceeds the rate of melt (Zhang, 2007).  

Strengthening of the SAM, attributed to anthropogenic-driven decreases in stratospheric ozone, 

is thought to intensify westerly winds over the Southern Ocean, and to deepen the Amundsen 

Sea Low (ASL) (Turner et al., 2009). Resultant shifts in wind patterns include increased cold 

southerly winds over the Ross Sea, and warmer northerly winds over the Bellingshausen Sea 

(Turner et al., 2009). Trends in sea ice drift in response to changing wind patterns co-occurred 

with increasing and decreasing sea ice extent/concentration in the Ross Sea and the 

Bellingshausen Sea, respectively (Holland and Kwok, 2012). The ENSO affects wind patterns 

over the Ross Sea with La Niña and El Niño, increasing and decreasing cold southerly winds, 

respectively (Turner et al., 2009). The recent rapid decline observed in Antarctic sea ice extent 

between 2014 and 2017 (Parkinson, 2019) was attributed to anomalous warming in the 

Southern Ocean, driven by a combination of an extreme El Niño in 2015/2016, the weak La 

Niña that followed, a strongly negative SAM (Stuecker et al., 2017), and a record deep ASL in 

September 2016 (Turner et al., 2017). The role of the atmospheric climate modes in driving sea 

ice variability in the Southern Ocean is clearly important. However, sea ice trends have been 

difficult to directly attribute to climate modes particularly in the Ross Sea sector (Hobbs et al., 

2016) where the greatest expansion in sea ice was observed (Parkinson and Cavalieri, 2012).  
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Figure 1.4.  A) Monthly average sea ice extent in the Southern Hemisphere from January 1979 

to December 2018 (green and red dots represent September maximum and February minimum 

extents, respectively). B) Monthly deviations and C) Yearly averages (Parkinson, 2019). 

Ice shelf meltwater in the surface ocean is also known to influence sea ice formation in the 

Southern Ocean. Enhanced freshwater input from melting of ice shelves by a warming 

subsurface ocean has been modelled to significantly contribute to the expansion of sea ice 

(Bintanja et al., 2013) or at least to modulate projected decreases in Antarctic sea ice with 

future global climate warming (Bintanja et al., 2015). However, other model simulations found 

that freshwater input from basal mass loss of ice shelves is insufficient to reverse the negative 

sea ice trends projected by most models (Pauling et al., 2016, Swart and Fyfe, 2013). The 

omission of ice shelf meltwater is suggested as a reason for the inability of climate models to 

simulate observed sea ice trends in the Southern Ocean (Bintanja et al., 2013). 
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1.7 Ocean-driven melting of ice shelves in the Southern Ocean 

Ocean-driven melting of ice shelves is driven by three circulation modes as described in Jacobs 

et al. (1992) and summarised here. Each mode involves a specific water mass that circulates at 

a depth determined by its thermohaline properties. The modes can overlap, interact, and their 

relative dominance can vary seasonally and with the geometry of ice shelf cavities. Mode 1 

circulation is a deep water intrusion of High Salinity Shelf Water (HSSW) which causes 

melting of the ice shelf base at depth (Figure 1.1). In mode 2, Circumpolar Deep Water (CDW) 

intrudes where an ice shelf geometry is accessible at intermediate depths. Mode 3 melting is 

driven by seasonally warmed surface waters and occurs at shallow depths in the ice shelf frontal 

zone. Basal melting near the grounding zones of outlet glaciers and the frontal zones of large ice 

shelves drives half of the net mass loss of ice shelves, with 50% of the meltwater entering the 

ocean at the depth of ice shelf fronts (Rignot et al., 2013, Depoorter et al., 2013). 

Volume loss of Antarctic ice shelves has been observed to be accelerating, particularly in the 

Bellingshausen and Amundsen Sea sectors (Paolo et al., 2015). This has been attributed to 

increased basal melt driven by incursions of warm CDW into ice shelf cavities along deep 

submarine troughs (Pritchard et al., 2012). Over the past two decades, increased freshwater input 

from accelerated melt of grounded and floating ice was mostly concentrated in the Amundsen 

Sea and Antarctic Peninsula regions and has been estimated to be 350 ±100 Gt yr-1 (Rye et al., 

2014). The large ice shelves including the Ross Ice Shelf and the Filchner Ronne Ice Shelf 

comprise 61% of the total ice shelf area, but given cold-cavity conditions, only contribute a small 

fraction of the total meltwater relative to small and medium sized ice shelves such as the Totten 

and Getz (Rignot et al., 2013, Depoorter et al., 2013).  

The distribution and effects of increased volumes of ice shelf meltwater in the Southern Ocean 

are not well known nor are transport processes from ice shelves (Piñones et al., 2019). A model 

that coupled ice shelves, sea ice and the ocean to assess the distribution of basal meltwater found 

that the meltwater circulates along pathways in the surface and bottom layers towards lower 

latitudes, and that sea ice was thicker where meltwater reached the surface ocean (Kusahara and 

Hasumi, 2014). It was found that meltwater from ice shelves in the Weddell, Indian and 

Amundsen/Bellingshausen sea sectors was widely distributed throughout the Southern Ocean by 

the ACC. Widespread freshening of the Southern Ocean had been observed, particularly in the 

Ross Sea (Jacobs et al., 2002). However, a recent study found that the freshening trend in the 

Ross Sea is reversing (Castagno et al., 2019). 
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1.8 Interaction of ice shelves, coastal polynyas, and land-fast sea ice 

Cold and relatively fresh ice shelf meltwater reduces the temperature and density of the upper 

surface ocean and stabilises the upper water column (Hellmer, 2004). The resultant stratification 

inhibits vertical mixing and promotes sea ice formation by increasing the efficacy of heat flux to 

the atmosphere and by insulating sea ice from warmer subsurface waters below (Bintanja et al., 

2013). These conditions could enhance the thickness of sea ice near ice shelves by up to twenty 

percent (Hellmer, 2004). Additionally, the advection of supercooled Ice Shelf Water from ice 

shelf cavities has a significant influence on sea ice formation which is described below. 

A coastal or latent-heat polynya is a region of open water or low sea ice concentration within the 

sea ice expanse, formed by divergent ice motion with strong offshore winds (Nakata et al., 2015). 

Coastal polynyas generally form in the lee of static obstacles such as islands, grounded icebergs 

or ice shelves which block downwind advection of sea ice (Massom et al., 1998). A pan-Antarctic 

assessment revealed that coastal polynyas frequently occurred to the west of fast ice and glacier 

tongues (Figure 1.5) (Nihashi and Ohshima, 2015). The high co-occurrence in this study 

reinforced the findings of  Massom et al. (1998) who found that the presence of fast ice and 

glacier tongues are important elements for the formation of most Antarctic coastal polynyas by 

preventing the westward advection of sea ice. Changes in the fast ice cover or calving of glacier 

tongues can significantly influence the size and dynamics and thus sea ice production of adjacent 

coastal polynyas (Nihashi and Ohshima, 2015, Fraser et al., 2019). Coastal polynyas can also 

affect the extent of fast ice by breaking up thinner ice at the edges and then advecting it offshore.  

When fast ice attaches to an ice shelf or outlet glacier it forms an important interface between the 

ice sheet and the pack ice and open ocean (Giles et al., 2008, Massom et al., 2018). Fast ice 

affects ice sheet mass balance by providing mechanical stability and by buttressing glacier 

tongues (Massom et al., 2010) and ice shelves from the impacts of ocean swell (Massom et al., 

2018). Fast ice is particularly vulnerable to changes in atmospheric and ocean conditions (Heil, 

2006, Murphy et al., 1995, Nihashi and Ohshima, 2015, Massom et al., 2009). 
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Figure 1.5. Map of coastal polynyas and fast ice from AMSR-E (Nihashi and Ohshima, 2015). 

Frequency of occurrence from 2003 to 2011 for the sea ice growth period (March to October). 

 

Substantial volumes of sea ice are produced in coastal polynyas over winter and they play a major 

role in dense water formation, a precursor for AABW formation (Kern, 2009). The highest ice 

production occurs in the Ross Sea Polynya (RSP) off the Ross Ice Shelf, followed by the Cape 

Darnley Polynya near the Amery Ice Shelf and the Mertz Glacier Polynya off the Mertz Glacier 

Tongue on the Adelie Coast (Figure 1.5) (Nihashi and Ohshima, 2015, Tamura et al., 2008, 

Tamura et al., 2016). In the western Ross Sea, coastal polynyas form off the western margin of 

the Ross Ice Shelf, in McMurdo Sound and in Terra Nova Bay (Orsi and Wiederwohl, 2009). 

Intense cooling of open surface waters within polynyas, formation of frazil ice crystals (Ito et al., 

2015), and brine rejection form highly dense and saline HSSW which can sink to the seafloor 

and down-slope into the ice shelf cavity (refer to the schematic in Figure 1.1) (MacAyeal, 1984, 

Jacobs et al., 1992).  
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The freezing point of seawater is reduced by approximately 76 mK per 100 m increase in water 

column depth. HSSW at the surface freezing temperature (~-1.9°C) is effective at melting or 

dissolving (Foldvik and Kvinge, 1974) the base of the ice shelf. Ice Shelf Water is defined as 

being potentially supercooled (i.e., potential temperature below the surface freezing point) 

(Jacobs et al., 1985). The meltwater has a potential temperature below the surface freezing point 

and forms buoyant plumes of ISW which rise along the basal slope and become in-situ 

supercooled as the pressure decreases (Foldvik and Kvinge, 1974, Jenkins and Bombosch, 1995). 

Supercooling, combined with a turbulent boundary layer, promotes and is alleviated by the 

formation of frazil ice crystals (Holland and Feltham, 2005, Robinson et al., 2014). Continued 

growth of frazil ice crystals in supercooled water (Smith et al., 2012) results in the formation of 

platelet ice crystals. Ice crystals can be transported out from the ice shelf cavity by ocean currents 

to grow in-situ beneath sea ice (Langhorne et al., 2015, Leonard et al., 2011, Smith et al., 2001). 

The ice crystals freeze into the sea ice to form incorporated platelet ice (refer to Figure 1.6) 

(Smith et al., 2001, Smith et al., 2012). The consolidation of platelet ice augments sea ice 

formation (Eicken and Lange, 1989) and increases the sea ice thickness (Purdie et al., 2017, 

Gough et al., 2012).  

When the rate of accumulation of ice crystals from the water column exceeds the rate of freezing 

at the base of the consolidated ice, an unconsolidated sub-ice platelet layer (SPL) is formed 

(Dempsey et al., 2010, Hoppmann et al., 2015a, Gough et al., 2012). For a SPL to form, the upper 

water column must be cooled to the surface freezing point with an effective negative ocean heat 

flux in place over tens of metres beneath the sea ice (Mahoney et al., 2011). ISW influence on 

sea ice formation can thus be identified and quantified from anomalously thicker sea ice with an 

incorporated platelet ice fabric and by the presence of an unconsolidated SPL (Langhorne et al., 

2015).  
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Figure 1.6. Diagram of incorporated platelet ice and the unconsolidated sub-ice platelet layer 

beneath. The transition from columnar ice to incorporated platelet ice and the sub-ice platelet 

layer are shown. Adapted from Langhorne et al. (2015). 

 

The geometry of an ice shelf cavity and the basal slope affect the thermodynamics within the 

ISW plume, the depth at which it becomes neutrally buoyant, and then detaches from the base of 

the ice shelf (Jenkins and Bombosch, 1995, MacAyeal, 1985). The conditions of ice shelf 

geometry and sub-ice shelf circulation required for ISW to reach the upper surface ocean are not 

satisfied at all ice shelves. Regions around the Antarctic coastline where supercooled ISW has 

reached the upper surface ocean have been identified by the physical presence (Eicken and 

Lange, 1989), and acoustic signal of frazil ice in the water column (Penrose et al., 1994) and algal 

blooms associated with platelet ice (Günther and Dieckmann, 1999). Sub-ice platelet layers have 

been observed beneath the fast ice in McMurdo Sound, in the western Ross Sea (Barry, 1988, 

Gough et al., 2012, Leonard et al., 2011, Leonard et al., 2006, Lewis and Perkin, 1985, Price et 

al., 2014, Rack et al., 2013, Robinson et al., 2014, Smith et al., 2012, Smith et al., 2001, Brett et 

al., 2020) and in Atka Bay, in the Weddell Sea (Hoppmann et al., 2015a, Hoppmann et al., 2015b, 

Hunkeler et al., 2017, Hunkeler et al., 2016). Consolidated platelet ice has been recorded in sea 

ice cores (Eicken and Lange, 1989, Hoppmann et al., 2015b, Veazey et al., 1994, Dempsey et al., 

2010, Gough et al., 2012, Hoppmann et al., 2015a, Hughes et al., 2014). ISW was observed from 

the surface to ~500 m depth in the southern reaches of the Mertz Polynya region (Williams and 
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Bindoff, 2003). The presence of supercooled ISW and consequent basal accretion of marine ice 

was proposed to have contributed to substantial thicknesses of MY fast ice (~10-55m) beside the 

Mertz Glacier Tongue and Mertz Polynya (Massom et al., 2010). Langhorne et al. (2015) collated 

observations of frazil/platelet ice in the surface layer (Figure 1.7) and found locations correlated 

where water temperature at 200 m depth was less than 0.5°C above the surface freezing point.  

 

Figure 1.7. Positive (blue, green, and purple) observations of frazil and platelet ice in land-fast 

and drifting sea ice around Antarctica. Negative (in red and orange) observations imply sea ice 

structure reported without platelet ice plotted on a background of ocean temperature at 200 m 

relative to surface freezing point. Adapted from Langhorne et al. (2015). 
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In the western Ross Sea study region, an interactive system is at play between the conjoined 

McMurdo and Ross ice shelves, coastal polynyas, and land-fast sea ice in the field study area in 

McMurdo Sound. Supercooled ISW rather exceptionally reaches the upper surface ocean and 

significantly influences fast ice and forms a thick SPL in McMurdo Sound. A detailed description 

of ocean circulation in the western Ross Sea and within the McMurdo-Ross ice shelf cavity is 

provided in Section 3.1.1. The study area and relevant studies carried out the influence of ISW 

on fast ice formation in McMurdo Sound are described in detail in Section 3.1.2. 

The New Zealand sea ice science community have significantly contributed to the understanding 

of supercooled ISW circulation and the formation of ice shelf-influenced fast ice and the SPL in 

McMurdo Sound. Prior assessments of ice shelf-influenced fast ice and SPL thicknesses were 

however predominately based on spatially or temporally poor resolved point observations. 

Observations were obtained using a variety of techniques including ocean profiling (Barry, 1988, 

Barry and Dayton, 1988, Leonard et al., 2011, Lewis and Perkin, 1985, Mahoney et al., 2011, 

Robinson et al., 2014), thermistor probes (Gough et al., 2012, Purdie et al., 2017), ice core 

measurements (Dempsey et al., 2010, Gough et al., 2012), satellite altimetry (Price et al., 2013, 

Price et al., 2014), drill hole surveys (Brett et al., 2020, Price et al., 2014) and electromagnetic 

induction techniques (Rack et al., 2013). Applying a new electromagnetic induction technique, 

the study in chapter 3 provided multiple years of high-resolution (measurements every 10 m) 

assessments of the spatial distributions of ice shelf-influenced fast ice and SPL. The highly 

detailed information permitted more accurate quantifications of ice shelf-influenced fast ice and 

SPL distributions, thicknesses and volumes in McMurdo Sound. The five years of repeat 

measurements allowed the first dedicated assessment of interannual variability in ice shelf-

influenced fast ice and the SPL in McMurdo Sound which was considered for the first time with 

respect to interannual variability in supercooled ISW outflow, and on a regional scale to strong 

southerly winds and polynya activity in the western Ross Sea. 

Additionally, the majority of observations in McMurdo Sound were carried out in late spring at 

the end of the fast ice growth season, and provided a snapshot of a fully developed supercooled 

ISW plume and SPL. The development of the ISW plume and supercooling over winter, and the 

effects on sea ice formation in McMurdo Sound were investigated in previous oceanographic 

studies (Hunt et al., 2003, Leonard et al., 2011, Leonard et al., 2006, Mahoney et al., 2011). 

However, the evolution of the SPL over winter has not been well assessed nor has variability in 

the SPL on diurnal timescales. In chapter 4, the temporal evolution of the SPL was monitored in 
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McMurdo Sound for the first time over winter with electromagnetic induction techniques and in 

the following late spring over a spring-neap tidal cycle. Unique time-series of the growth of ice 

shelf-influenced fast ice and SPL over winter and a spring-neap tidal cycle were successfully 

captured.  

As previously stated, it is possible that many unobserved regions of coastal sea ice around 

Antarctica are influenced by the outflow of Ice Shelf Water in the upper ocean and the presence 

of platelet ice. In chapter 5, the question of whether these regions be identified using satellite 

technology is investigated. Here, the capability of a radar satellite altimeter to detect higher 

freeboard in a region influenced by the outflow of supercooled Ice Shelf Water was assessed 

using multiple years of field-measured ice shelf-influenced fast ice and the sub-ice platelet layer 

distributions for validation. This proof-of-concept study clearly demonstrated that it is possible 

to go beyond theory and move into practice and identify regions of fast ice that are being 

influenced by the outflow of ISW in the upper surface ocean in large-scale satellite altimetry 

assessments. 
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Chapter 2  

Data and Methods:  

Measuring ice shelf-influenced fast ice and 

the sub-ice platelet layer 

In this study, spatial and temporal variability in the distribution of ice shelf-influenced fast ice 

and the sub-ice platelet layer (SPL) was assessed in McMurdo Sound in 2011, 2013, 2016, 2017 

and 2018, using a combination of in-situ measurements, electromagnetic induction surveying and 

satellite altimetry techniques. The objective was to enhance the current understanding of the 

interconnections between wind-driven polynya activity, ocean circulation, Ice Shelf Water 

outflow and Antarctic sea ice formation and bridge the scales between ground-based geophysical 

observations and satellite-scale assessments. The relevant theory and technical specifications for 

the methods applied are described in detail in this chapter.  

2.1 In-situ measurements 

In-situ measurements of sea ice are essential for the validation of remotely sensed observations 

and to further our understanding of sea ice characteristics and processes. However, considering 

the vast extent, high variability and inaccessibility of sea ice they provide a temporally and 

spatially limited dataset. The in-situ measurements made in this study were used to assess the 

distributions of ice shelf-influenced fast ice, the SPL and the snow layer in McMurdo Sound. The 

in-situ ground measurements informed electromagnetic induction forward and inverse models 

and provided validation to a satellite altimeter assessment of ice shelf-influenced fast ice 

freeboard in McMurdo Sound.  

In-situ measurements refer to extensive drill hole and snow depth surveys carried out at field sites 

distributed at ~5-10 km spacing over the fast ice in McMurdo Sound in November of 2011, 2013, 

2016, 2017 and 2018 (refer to Figures 3.2 and 4.1 for the locations of field sites). In 2011 and 

2018, measurements were made at 43 and 14 sites respectively distributed over an area of ~1500 

km2 in the south of McMurdo Sound. Fast ice in the northwest was additionally assessed in 2013, 

2016 and 2017 with 34, 19 and 21 sites respectively distributed over an area of ~3000 km2.  
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Figure 2.1 (a) Diagram of a vertical profile and measured parameters of fast ice in McMurdo 

Sound. Surface elevation (SE) describes the combined ice freeboard (Fb) and snow cover (Ts) 

above sea level. The thickness of the solid sea ice (Ti) includes both congelation growth and 

incorporated platelet ice. The thickness of the unconsolidated sub-ice platelet layer (Tp) beneath 

is also measured (b) diagram of the 30 m cross-profiles made at field sites (Price et al., 2014). 

 

At each site, five drill holes (~5 cm diameter) were made in the sea ice, using an electric drill, 

Kovacs auger flights and drill bits, at the centre and end points of two 30 m cross-profile lines 

(Figure 2.1). The thickness of the consolidated sea ice and the unconsolidated SPL were then 

measured using a tape measure with a brass T-anchor attached at the zero mark. The tape measure 

and brass bar were deployed vertically through the drill hole and the SPL until the ocean beneath 

was reached. The T-anchor was then aligned horizontally, and pulled upwards until it reached 

the base of the SPL. The base of the SPL was taken as the first resistance to the T-bar. A 

measurement of the total thickness of the consolidated sea ice and the SPL was noted. A stronger 

pulling force was then applied until the bar reached the solid sea ice base where the thickness 

was measured. The drill hole was flushed with Kovacs auger flights. Sea ice freeboard (i.e., sea 

ice surface to seawater surface) in the drill hole was measured with a metal ruler. Snow depth 

measurements were made at half-metre intervals along the cross-profiles with a metal ruler in 

2011 and 2013 and a GPS-equipped MagnaProbe in 2016, 2017 and 2018. Repeat snow depth 

surveys were carried out over a distance of 40 km along latitude 77.767°S in 2016, 2017 and 

2018 with 60 measurements taken at 0.5 m intervals every 1 km (Figures 3.2c-d and 4.1a). 
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2.2 Frequency-domain electromagnetic induction  

Frequency-domain, electromagnetic induction (EM) measures sea ice thickness by exploiting the 

contrasting conductivities of sea ice (0-50 mS m-1) and seawater (2400-2700 mS m-1) (Haas, 

2004). The principle of EM induction is to determine the mean or apparent conductivity of the 

subsurface which decreases with increasing sea ice thickness (Haas, 2010). The EM induction 

system consists of a transmitter and a receiver coil which approximate to magnetic dipoles. A 

transmitter coil generates a primary EM field (Hp) which penetrates the sea ice and induces eddy 

currents in the higher conductivity sea water below as illustrated in Figure 2.2. The eddy currents 

generate a secondary EM field (Hs) that propagates up through the sea ice and is measured by a 

receiver coil in the EM sounder. The amplitude and phase of the returning secondary EM field 

are directly related to the distance between the instrument and the conductive sea water below 

(Haas, 1998). For ground-based measurements, this distance is equivalent to total ice thickness 

including the snow layer, if present. The returning EM signal ‘is converted into a measurement 

of apparent conductivity which represents the electrical conductivity of the half-space beneath 

the instrument’ (Worby et al., 1999). Apparent conductivity is calculated from the imaginary or 

quadrature component of the secondary field (Haas and Druckenmiller, 2009). At low values of 

induction number, Hs can be described by a simple function of instrument coil spacing (r), 

frequency of operation (f) and the conductivity of the subsurface (σ) according to equation 1.1  

𝐻𝑠

𝐻𝑝
≃

𝑖𝜔𝜇0𝜎𝑟2

4
                                                              (1.1) 

where ω is the angular frequency (2πf) and µ0 is the magnetic permeability of free space (µ0=

4𝜋 𝑥 10−7) (McNeil, 1980). By measuring the ratio of the secondary to the primary EM field, 

the apparent conductivity of the subsurface (𝜎𝑎) can thus be calculated from the secondary field 

(Haas and Druckenmiller, 2009). 
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Figure 2.2. Electromagnetic induction measurements of sea ice thickness, showing the 

generation of a primary field by a transmitter coil and resultant induction of a secondary EM 

field, whose strength and phase are measured by a receiver coil (Haas and Druckenmiller, 2009).  

 

Frequency-domain electromagnetic induction instruments 

Electromagnetic induction instruments can be ground-based or airborne when mounted or 

suspended from fixed-wing aircraft or helicopters. The coils of an EM instrument form magnetic 

dipoles and their orientation - i.e., vertical or horizontal - affects the geometry of the intersection 

of the primary and secondary fields with the ice-water interface and resultant induced field 

strengths. Vertical Dipole Mode (VDM) is carried out with horizontal coplanar coils and can 

only be applied when the ice thickness is greater than 0.8 m. (Haas and Druckenmiller, 2009). 

The ‘footprint’ of the EM sounder describes the horizontal area over which the ice thickness is 

measured and averaged. It can be defined as the area within which 90% of the secondary field is 

induced (Liu and Becker, 1990). For a vertical axis dipole transmitter, the induced current density 

is centred around the transmitter coil and maximum at a circle with a radius length of half the 

instrument height above the surface of the seawater (Liu and Becker, 1990). This has implications 

for measurements of deformed sea ice, as eddy currents induced in the seawater contained within 

or adjacent to protruding 3-D subsurface structures such as ridge keels, can contribute to 

underestimates of sea ice thickness of up to 50% (Haas, 2010). Estimates for the diameter of the 

footprint range between 3.7 and 10 times the distance between the EM sensor and the sea surface 

depending on the instrument configuration (Haas et al., 2009). 
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Seasonal variations in sea ice properties have minimal effect on sea ice conductivities. However, 

seawater flooding or seawater-filled cavities within the ice can lead to underestimates of ice 

thickness (Thomas and Dieckmann, 2003). Haas et al. (2009) state that ‘the accuracy, sensitivity, 

and lateral resolution of EM measurements depend critically on the signal-to-noise ratio of the 

measurements, on the drift of the electronic components, as well as on the stability of the 

calibration.’ Kovacs and Morey (1991) found for a vertical coplanar coil configuration that an 

instrument tilt of 5 degrees from vertical increased the apparent conductivity from 133 mS m-1 

to 150 mS m-1 over 2.9 m of sea ice which would equate to a 0.2 m decrease in thickness. 

The Geonics EM31 (Figure 2.3) used in this study is a ground-based instrument with a coil 

spacing of 3.66 m and an operational frequency of 9.8 kHz. The instrument was configured in 

VDM with a conductivity sensitivity range of 1000 mS m-1 to prevent saturation and to minimise 

external noise. The effective depth of exploration for the EM31 is six metres when operated in 

VDM (McNeil, 1980). The footprint of the EM31 was estimated to be 3-5 metres in diameter for 

the range of observed sea ice thicknesses in our study area. Worby et al. (1999) assessed EM31 

measurements of Antarctic winter pack ice and spring fast ice thickness and found that EM31 

estimates of undeformed FY sea ice of 0.6-0.8 m were within 10 % of drill hole thicknesses, and 

that thick (1.5 m) and thin (0.2 m) level ice could be measured to a high degree of accuracy.  

 

 

Figure 2.3. Sledge-mounted Geonics Ltd. EM31 
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2.2.1 EM processing techniques  

Total ice thickness (i.e., sea ice plus the snow layer) can be derived empirically by comparing 

the apparent conductivity measured by an EM device with drill hole measured total ice thickness 

(Haas and Druckenmiller, 2009). A strong negative exponential relationship exists between the 

apparent conductivity of the subsurface and total ice thickness which is dependent on instrument 

configuration, coil spacing and operational frequency (Thomas and Dieckmann, 2003). Inversion 

of exponential functions describing this correlation yields transformation equations to convert 

apparent conductivity (mS m-1) to total ice thickness in metres. Figure 2.4 shows the strong 

negative exponential relationship between apparent conductivity measured by the EM31 and drill 

hole measurements (Haas and Druckenmiller, 2009). The negative exponential decline in EM 

response with increasing ice thickness demonstrates the decreasing sensitivity of the EM 

instrument to small variations in ice thickness in areas of relatively thick ice. 

 

 

Figure 2.4. Example profile depicting the strong negative exponential relationship between 

measured apparent conductivity (mS m-1) by the EM31 instrument and drill hole measured total 

ice thickness (i.e., sea ice plus the snow layer) (Haas and Druckenmiller, 2009). 



37 

 

EM forward modelling is applied to derive theoretical equations describing EM responses from 

layers of varying conductivities and thicknesses (Haas, 2010). Haas and Druckenmiller (2009) 

and Pfaffling et al. (2007) describe one-dimensional models consisting of ‘horizontal layers of 

infinite lateral extent and apply a Hankel transform with a Bessel function of the first kind of 

order zero (J0)’ according to equation 1.2 

𝑍 =  −𝑟3 ∫ 𝑟𝑇𝐸 𝑒
−2𝜆ℎ𝜆2∞

0
𝐽0(𝜆𝑟)𝑑𝜆                                              (1.2) 

where r is the coil spacing, h is the height of both the transmitting and receiving coils, λ the wave 

number and 𝑟𝑇𝐸  is a ‘recursively determined Transverse Electric mode reflection coefficient 

resulting from the electromagnetic properties’ of the subsurface. The EM response is expressed 

as the relative field strength Z in ppm of the primary EM field or as apparent conductivity σa.  

The processing method applied in this study was developed by Irvin (2018) to extend forward 

and inverse modelling techniques from a two-layer (sea-ice and seawater) to a three-layer (sea-

ice, SPL and seawater) case. This technique can simultaneously derive sea ice and SPL 

thicknesses from the in-phase and quadrature components of single-frequency electromagnetic 

induction by forward modelling a subsurface comprised of three horizontal conductive layers: 1) 

total ice thickness (i.e., sea ice plus the snow layer), 2) a SPL, and 3) seawater for a range of 

thicknesses and bulk conductivity values for the SPL. A forward modelling scheme called the 

‘One Dimensional Frequency Domain Electromagnetic Model’ (ODFEM) was developed as a 

Graphical User Interface (GUI) in MATLAB©. The EM instrument type, technical 

specifications, and model parameters including number and range of thickness and conductivities 

of horizontal layers can be configured and forward modelled in the ODFEM GUI.  

Theoretical in-phase (I) and quadrature (Q) responses are obtained with corresponding total ice 

and SPL thickness value pairs for a range of SPL bulk conductivities. An expected range of 

thicknesses for total ice thickness (0.5-6 metres) and SPL (0-15 metres) were modelled in 0.01 

m or 0.10 m increments for a range of bulk conductivity values for the SPL (100-1500 mS m-1) 

and a conductivity value of 2700 mS m-1 for seawater in McMurdo Sound (Leonard et al., 2006, 

Mahoney et al., 2011, Hughes et al., 2014). Figure 2.5 illustrates forward modelled total ice and 

SPL thicknesses (Note: total ice and SPL, are referred to as ‘Consolidated Ice (CI)’ and ‘SIPL’, 

in Irvin (2018), respectively), with corresponding I and Q value pairs for a SPL bulk conductivity 

of 500 mS m-1 from Irvin (2018). Figure 2.5 shows that thinner or thicker total ice and SPL result 

in larger or smaller I and Q responses, respectively, and that both responses are non-linear. Over 
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thicker total ice and SPL, the ability to detect changes in thickness and the signal-to-noise ratio 

are thus lower. Importantly, increases in SPL thickness drive a larger reduction in the response 

of I relative to Q.  

The Q response measured by the EM31 is pre-calibrated by the manufacturers and only requires 

a conversion from apparent conductivity in mS m-1 to parts per million (ppm). However, the I 

response is not pre-calibrated, and is arbitrarily set at a zero-level to match the mid-range of 

expected values for the observed subsurface. Therefore, an offset and calibration factor must be 

applied to I measured by the EM31 before inverted ice thicknesses are obtained. This is done by 

comparing drill hole measured total ice and SPL thicknesses, and the corresponding EM31 

measured I and Q value pairs to theoretical EM response model curves. The offset is corrected 

by shifting the I measurements, relative to a zero reference obtained from measurements carried 

out over land or thick land ice (i.e., assumed to have conductivity and in-phase value of 0 ppm). 

A gain factor is obtained by running numerous inversions with a range of gain values applied to 

the raw I. The Root Mean Square Error (RMSE) between expected and measured total ice and 

SPL thicknesses is calculated until a minimum value is obtained with a corresponding optimum 

gain factor value. The bulk conductivity of the SPL is determined by calculating the RMSE 

between measured and inverted total ice and SPL thicknesses, for a range of forward models with 

SPL bulk conductivities varied from 100 to 1500 mS m-1. 

Field measured and calibrated I and Q value pairs can be then compared with forward modelled 

values in a ‘brute force’ inversion to obtain the best-match total ice and SPL thicknesses, and 

bulk SPL conductivity value. The ‘brute force’ inversion applied by Irvin (2018) is a model based 

grid-search method which determines the best-matching forward model by minimising ‘the 

distance between two elements in a metric space’ between synthetic and observed data. The 

RMSE between drill hole measured, and inverted total ice and SPL thicknesses is used to assess 

the quality of the inversion.  

For thicknesses of total ice or SPL greater than 2 m, the relative error is approximately 5-15% 

(refer to Figure 6.1.3 on page 92 of Irvin (2018), for an error study on inversion results). The 

EM-derived SPL can have an absolute error of up to 0.5 m for thicknesses of total ice and SPL 

less than 2 m. EM is incapable of differentiating between snow and sea ice because the 

conductivities of both mediums are comparably low. Therefore, the results of the inversion 

represent an estimated total ice thickness, i.e., the sum of sea ice and snow thickness (Haas & 

Druckenmiller, 2009).  
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Figure 2.5. Forward modelled curves of quadrature versus in-phase in ppm for a one-

dimensional three horizontal conductive layer model, with total ice thickness (i.e., sea ice plus 

the snow layer) ranging from 0.5-6 m (0.5 m increments, each indicated by a blackline) and SPL 

from 0-10 m (1 m increments) for a bulk conductivity of the SPL of 500 mS m-1 and seawater 

conductivity of 2700 mS m-1. Note that total ice is referred to as ‘Consolidated Ice (CI)’ and the 

SPL as ‘SIPL’ in the diagram extracted from Irvin (2018). The red line is total ice (i.e., CI) 

thickness range with 0 m SPL thickness. Grey dots are field measured and calibrated EM in-

phase and quadrature values from the EM surveys carried out in McMurdo Sound in 2011. 
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2.3 Satellite remote sensing of sea ice 

 

The visible (VIS), infrared (IR) and microwave (MW) regions of the electromagnetic spectrum 

are used in sea ice research applications. Depending on the properties of the electromagnetic 

wave and the surface medium, an electromagnetic wave impinging on a surface will undergo 

reflection, scattering, absorption, or transmission. Reflection occurs at the interface between two 

materials with different refractive (VIS, IR and SWIR) properties or dielectric constants 

(microwaves). Reflection can be described as specular or diffuse depending on the relative 

magnitudes of the electromagnetic wavelength and the surface roughness. Specular reflection 

occurs in a single direction from smooth surfaces and is characteristic of open water leads under 

calm conditions. Diffuse reflection occurs when waves are scattered in multiple directions by a 

rough surface. Brightness temperature describes the emitted radiation of a surface with emissivity 

e<1 in degree Kelvin. It is inverted to surface temperatures of water, ice and snow in thermal IR 

(TIR) observations which aids the delineation of ice and open water (Shokr and Sinha, 2015).  

The discontinuous availability of solar radiation and the opacity of clouds to the visible and TIR 

regions of the EM spectrum render microwaves the most suitable for sea ice applications. 

Microwave wavelengths of 1 mm to 1 m are generally unaffected by cloud and atmospheric 

absorption and the detection of microwaves does not require solar illumination. Passive remote 

sensing refers to the detection of natural radiation. Active systems transmit their own 

electromagnetic signal via laser or radar pulses and detect the returning echo of the incident 

radiation that has been reflected or scattered by the target surface. Given the weak emission of 

microwave radiation by the Earth’s surface, passive microwave sensors provide lower spatial 

resolutions (few to tens of kms) but wider areal coverage than their active counterparts. They are 

more commonly used for synoptic-scale observations of sea ice concentration and extent. 

The principle of active microwave or radar (RAdio Detection And Ranging) systems is to 

measure the backscatter of transmitted signals. It is employed in imaging radar, scatterometers 

and radar altimeters. Backscatter is the term applied to the intensity of the returning signal and 

can be expressed as the backscattering cross-section (σ) in the direction towards the radar. It is 

determined by the scattering properties of the surface which include the surface roughness, the 

geometric and dielectric properties of the scattering elements, and the wavelength, polarisation 

and viewing angle of the impinging radar wave. The backscattering coefficient (σ˚) is a 
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normalised measure of the backscatter signal over a distributed area and is often expressed in 

decibels. 

 

2.3.1 Satellite altimetry measurements of sea ice thickness 

Sea ice thickness (hi) can be calculated from freeboard (i.e., height of the sea ice above adjacent 

water) by assuming hydrostatic equilibrium and equation 1.3 which asserts that the ratio of 

freeboard to total ice thickness is proportional to the ratio of the densities of sea ice (ρi) and 

seawater (ρw) (Zwally et al., 2008). The addition of the snow layer (hs) to freeboard height (hf) 

and the snow density (ρs) and the buoyancy effect of the sub-ice platelet layer, if present, must 

be taken into account when deriving sea ice thickness from the hydrostatic assumption. The snow 

layer can depress the freeboard and result in flooding of the sea ice surface and the formation of 

meteoric snow (Maksym and Markus, 2008). Snow-depressed negative freeboard and surface 

flooding were not observed in the in-situ measurements in the McMurdo Sound study region. 

ℎ𝑖 =  (
𝜌𝑤

𝜌𝑤−𝜌𝑖
) ℎ𝑓 + (

𝜌𝑠

𝜌𝑤−𝜌𝑖
) ℎ𝑠                                                     (1.3)  

Satellite altimeters use laser or radar signals to derive sea ice thickness from measurements of 

sea ice freeboard. Laser or radar pulses are transmitted to the target surface, and are reflected or 

backscattered, respectively, to the sensor which records the returning signal. The two-way travel 

time for the transmission and return of the reflected pulse is measured. Satellite altimeter derived 

surface elevations must be corrected for the shape of the geoid, tidal height, inverse barometric 

effect and dynamic ocean topography before freeboard can be obtained (Ricker et al., 2016). 

However, the level of accuracy required for these corrections is difficult to attain with models 

(Price et al., 2015). In practice, freeboard is determined relative to a reference local sea surface 

height obtained over open water along the satellite track (Ricker et al., 2016, Zwally et al., 2008). 

 

2.3.2 Cryosat-2 satellite radar altimeter  

The primary objective of the CryoSat-2 satellite radar altimeter is to measure and monitor 

variations in the elevations of polar sea ice, ice shelves and the ice sheets of Antarctica and 

Greenland. It was launched by the European Space Agency (ESA) on the 8th of April in 2010 as 



42 

 

a replacement for the failed CryoSat-1 mission launch in 2005. The principle payload of the 

CryoSat-2 radar altimeter satellite is the combined SAR and Interferometric Radar ALtimeter 

(SIRAL) which has extended capabilities for the measurement of ice sheet elevation and sea ice 

freeboard. The satellite has a non-sun-synchronous, low Earth orbit with an altitude of 730 km, 

inclination of 92˚, and a repeat cycle of 369 days (5344 orbits) with a 30 day sub-cycle (Bouzinac, 

2012, Wingham et al., 2006). SIRAL applies ‘full deramp’ pulse compression and operates in 

three modes: 1) Low Resolution Mode (LRM), 2) Synthetic Aperture Radar (SAR) mode, and 3) 

Combined SAR and interferometer (SIN) mode (Bouzinac, 2012, Wingham et al., 2006). A 

geographical mask is applied to delineate zones and respective modes of operation. This is 

converted into a weekly series of instrument commands and updated every fortnight to account 

for changes in orbit and sea ice extent. Depending on the surface geometry and satellite orbit, the 

radar footprint is ~300 m along-track and ~1.5 km across-track (Wingham et al., 2006). 

CryoSat-2 predominantly operates in SIN mode over coastal fast ice regions including the 

McMurdo Sound study area. SIN mode provides measurements of the sloping surfaces and 

transitional terrains found at the ice sheet margins and over mountain glaciers. It combines SAR 

processing and interferometry to determine the across-track angle to the first radar return (Jensen, 

1999, Wingham et al., 2006). Two SIRAL antennae receive returning radar echoes almost 

simultaneously, and phase shifts in the returning signals, introduced by variations in topography 

(i.e. path lengths), can be used to infer the angle of arrival and the origin of the echo return. A 

longer range window and reduced burst-repetition frequency is applied in SIN mode (Bouzinac, 

2012). This reduces the number of measurements obtained in SIN mode by a factor of four 

relative to SAR mode and increases the range resolution to ~0.47 metres (in air) (Wingham et 

al., 2006). This range resolution is incapable of fully resolving the interfaces between air and 

snow or snow and sea ice, in snow depths less than ~0.5 m (Kwok, 2014). The SIN 

interferometric mode can result in ‘snagging’ where highly specular reflectors such as leads that 

are significantly off-nadir can dominate the returning radar echo and introduce a range error and 

an underestimate in surface elevation (Armitage and Davidson, 2014). Phase-wrapping can occur 

over transition zones between open ocean and sea-ice and mountainous terrain (Wingham et al., 

2006, Abulaitijiang et al., 2015, Armitage and Davidson, 2014). 

The retracking procedure specifies the point on the leading edge of the echo waveform which 

corresponds to the point of range to surface measurement (Bouzinac, 2012, Wingham et al., 

2006). The retracking correction is calculated from the offset of the retracking point from the 
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reference point in the centre of the range window (Bouzinac, 2012). Surface elevation is inferred 

from the slope of the leading edge of the returned waveform (Wingham et al., 2006). Pulse 

Peakiness (PP) is defined as the ratio of the highest bin value to the mean value of all bins above 

the retracking point (Bouzinac, 2012). A high PP value would suggest a specular reflection such 

as those expected from leads in sea ice (Armitage and Davidson, 2014). 

The ESA Level 2 (ESAL2) retracking point is found using a model-fitting approach and is 

defined relative to the entire echo waveform (Bouzinac, 2012, Price et al., 2015). The dominant 

backscattering surface assumed for ESAL2 retracker is the snow-ice interface. However, a prior 

assessment of the influence of the snow layer on the radar waveform through comparison with 

coincident in-situ measurements of freeboard and snow layer depth and surface roughness in 

McMurdo Sound by Price et al. (2015) showed that ESAL2 tracked in between the surface and 

the snow-ice interface. Price et al. (2019) assessed the sensitivity of CryoSat-2 derived sea ice 

thickness to variable penetration depths into the snow layer in McMurdo Sound and found the 

best agreement when the penetration depth into the snow layer surface is assumed to be 0.07 m. 

 

Here, geo-located Baseline-C Level 2 (L2) SIN data generated from the CryoSat-2 Ice Processor 

is used. The L2 SIN data product provides a surface height relative to the WGS84 ellipsoid for 

each location along-track with geophysical corrections applied to the range measured by the 

satellite (Wingham et al., 2006, Bouzinac, 2012). Refer to Figure 2.6 for an illustration of the 

altimetry terms and applied corrections. Applied geophysical corrections vary according to 

surface type classification and product type and are given in Webb and Hall (2016). Four surface 

types are provided at 1 Hz resolution for the L2 SIN product for 1) open oceans or semi-enclosed 

seas, 2) enclosed seas or lakes, 3) continental ice, and 4) land.  

The fast ice region in McMurdo Sound is classified as surface type 1) open oceans or semi-

enclosed seas. Atmospheric propagation and ocean corrections are applied over open ocean and 

are described in detail in Bouzinac (2012) and Webb and Hall (2016) and summarised here. 

Atmospheric propagation corrections account for the time delay introduced as the altimeter pulse 

passes through the Earth’s atmosphere. Dry and wet tropospheric corrections are applied to 

account for the refractive effect of dry (O and N), and wet (water vapour) gases, respectively. 

The Ionospheric correction accounts for the slowing effect of free electrons on the radar pulse as 

it travels through the ionosphere. It varies as a function of geographical location and time.  
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Ocean surface corrections are applied to account for the effects of the atmosphere on sea surface 

height. The Sea State Bias (SSB) correction compensates for the different reflectivity of wave 

troughs and crests and is proportional to the significant wave height. The Dynamic Atmospheric 

Correction (DAC) compensates for the effects of atmospheric pressure and winds on Sea Surface 

Height (SSH) on surface types defined as ‘open ocean’. The Inverse Barometric correction 

accounts for variations in SSH resulting from changes in atmospheric pressure and is not applied 

in SIN mode. Tidal corrections are applied to adjust the range so that it appears to originate from 

the mean tide-free sea surface. Corrections are applied for Ocean Tides driven by the Earth-moon 

system, and low frequency Long-Period Equilibrium Tide driven by local gravitational effects. 

Tidal-induced deformation of the Earth’s crust is accounted with the Ocean Loading, Solid Earth, 

and Geocentric Polar tidal corrections. Additionally, the Mean Sea Surface (MSS) is accounted 

for over open ocean. The MSS is a combination of the geoid and the mean dynamic topography 

(Ricker et al., 2014, Skourup et al., 2017) and the MSS model applied in our study region is either 

the Aviso CLS01 (Webb and Hall, 2016, Bouzinac, 2012) or CLS 2011 (Skourup et al., 2017). 

A correction is also applied to account for wind speed. 

 

Figure 2.6. Basic altimetry terms and applicable corrections over open ocean (Bouzinac, 2012). 
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2.3.3 The effects of the snow layer on radar altimetry 

Antarctic sea ice is relatively thin (~1 m) in comparison to its Arctic counterpart (~2 m) (Worby 

et al., 2008). Therefore, the thickness of the snow layer on Antarctic sea ice is more critical in 

sea ice freeboard to thickness conversions. Laser pulses reflect from the ice-air or snow-air 

interface, and thus measure the height of sea ice freeboard plus the snow layer, if present. Laser 

altimeters are subject to interference by cloud coverage. Radar waveforms are capable of both 

penetrating through cloud cover and into the snow layer. However, depth of penetration into the 

snow layer has not been definitively constrained and varies considerably as a function of snow 

properties, and the polarisation of the transmitted waveform. The penetration depth is defined as 

the distance at which the power of the incoming signal is reduced by a factor e (Woodhouse, 

2005). The presence of a snow cover on sea ice can have a significant effect on the reflection, 

scattering and emission of microwave radiation. Within the snow layer, the microwave signal 

undergoes scattering through interaction with dielectric discontinuities and absorption due to 

snow wetness and higher salinities near the snow-sea ice interface (Barber and Nghiem, 1999). 

Returning radar waveforms can be effectively broadened by interaction with the snow layer and 

the tracking point shifted toward the radar altimeter (Kwok, 2014, Price et al., 2015).  

Kwok (2014) simulated the effects of different snow layer configurations on the retracking point 

of the returning CryoSat-2 radar waveform, for a range of snow-ice to air-snow peak backscatter 

return ratios using two retracking procedures. The results suggested that the effects on the radar 

waveform are highest when the strengths of the backscatter from the two interfaces are 

comparable in magnitude and in snow depths less than 20 cm.  Scattering from the snow surface 

broadened the response of the snow-ice interface and displaced the retracking point towards the 

altimeter, whereas volume scattering within the snow layer reduced the propagation speed of the 

wave and displaced the retracking point away from the altimeter. 

Retracking algorithms try to overcome the limitations of the SIN range resolution using 

interpolation in the leading edge and statistical methods. Price et al. (2015) assessed CryoSat-2 

radar altimeter derived freeboard of fast ice in McMurdo Sound in 2011 and 2013 using three 

retrackers with differing assumptions of backscattering surface. The study evaluated and 

compared the accuracy of retrieved surface heights from each retracker and assessed the 

influence of the snow layer on the radar waveform through comparison with coincident in-situ 

measurements of freeboard, sea ice properties and snow layer depth and surface roughness. Two 

retracking procedures were applied: 1) a physical model was fitted to the returning waveform 
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shape and 2) the surface height was estimated from an empirically derived power threshold. The 

ESA’s Level 2  (ESAL2) and the Waveform Fitting (WfF) (Kurtz et al., 2014) retrackers are 

based on the former method and the Threshold-First-Maximum-Retracker-Algorithm at 40 % 

(TFRMRA40) (Helm et al., 2014) on the latter. Price et al. (2015) carried out a comparison with 

in-situ measurements which showed that WfF tracked closest to the ice, TFMRA40 closest to the 

surface and ESAL2 in between the surface and the snow-ice interface. Retrackers performed well 

in a homogenous dry snow cover but discrepancies were introduced for the ESAL2 and WfF 

retrackers with increasing snow complexity. The leading edge of the returned waveform was 

shallower and the trailing edge extended after interaction in snow depths of ~0.20 m. 

The assumed freeboard horizon will have a significant effect on the sea ice thickness obtained. 

Assuming ice freeboard will cause an overestimate in ice thickness if full penetration of the radar 

wave into the snow layer does not occur. Reciprocally, sea ice thickness will be underestimated 

if snow freeboard is assumed and full or partial penetration of the radar wave into the snow layer 

occurs. Price et al. (2019) found that the sea ice thicknesses in McMurdo Sound obtained by 

either assuming snow or ice freeboard would produce a difference in thickness of 1.7 m. The 

sensitivity of the derived sea ice thickness to variable penetration depths into the snow layer was 

also assessed. The closest agreement between interpolated drill hole measured sea ice thickness 

and CS2 derived ice thickness was obtained by assuming a 0.07 m penetration depth into the 

snow layer. 

 

2.3.4 Satellite imaging platforms  

The ESA Sentinel-1 mission is a constellation of two polar-orbiting C-band Synthetic Aperture 

Radar (SAR) satellites launched between April of 2014 and 2016 to image global landmasses, 

coastal zones, sea–ice, polar areas, and shipping routes at high resolution with a six day exact 

repeat cycle (Agency, 2013). It can operate in Interferometric Wide-swath mode, Strip Map 

mode and Extra Wide-swath mode (Torres et al., 2012). The Ground Range Detected Level 1 

data product was used in this study to monitor the formation of fast ice over winter in McMurdo 

Sound from 2016 to 2018 and to provide information on surface roughness and ice type. 

Satellite images acquired from Moderate Resolution Imaging Spectroradiometer (MODIS) were 

also used. MODIS is an optical sensor with 19 Visible (VIS) and Near IR (NIR) channels with 

different spatial resolutions (Shokr and Sinha, 2015). 
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2.4 Data sources  

Field data for this PhD were collected under a project of the New Zealand Deep South National 

Science Challenge, a University of Canterbury Doctoral Scholarship, and logistics support 

provided by Antarctica New Zealand under K063 (2011, 2013, and 2018) and K066 (2016, 

2017 and 2018) events. I was a field event member for Antarctica New Zealand Events K063 

in 2018 and K066 in 2016, 2017 and 2018. I carried out all of the EM spatial and temporal 

surveys, and significantly contributed to the drill hole measurement campaigns, snow surveys, 

navigation and field work design and planning. Weather data for chapters 3 and 4 were received 

through the University of Wisconsin-Madison Automatic Weather Station Program, NSF grant 

number ANT-1543305, and additionally in chapter 4 Scott Base Weather Station data were 

obtained from CliFlo: NIWA's National Climate Database on the Web at 

(http://cliflo.niwa.co.nz) retrieved on the 26th of August 2019. In chapters 3, 4 and 5, I 

acknowledge the use of imagery from the NASA Worldview application 

(https://worldview.earthdata.nasa.gov/) operated by the NASA/Goddard Space Flight Center 

Earth Science Data and Information System (EOSDIS) project. In chapter 3, Envisat ASAR 

data were received through Cryosat cal/val project 4512. In chapter 4, tidal height time-series 

were generated using the 2008 Circum-Antarctic Tidal Simulation model CATS2008_opt 

(CATS) (Padman et al., 2008) and corrected for ocean tide loading of the Earth’s crust using the 

TPXO6.2 load tide model (Egbert and Erofeeva, 2002). In chapter 5, the ESA Level 2 baseline 

C SIN mode (SIR_SIN_L2) product was obtained at http://science-pds.cryosat.esa.int/ last 

accessed on the 6th March 2019. The data used in chapter 3 are publicly available at PANGAEA 

(https://doi.pangaea.de/10.1594/PANGAEA.909686). 
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Chapter 3  

Variability in the distribution of fast ice 

and the sub-ice platelet layer near 

McMurdo Ice Shelf 

 

3.1 Introduction 

In the past four decades, satellites revealed an overall but non-circumpolar increase in Antarctic 

sea ice extent (Parkinson, 2019). Prior to 2015, a significant positive trend was observed in the 

Ross Sea (+13,700± 1500 km2 yr-1), whereas a strong negative trend was recorded in the 

Bellingshausen/Amundsen Sea sector (-8200± 1200 km2 yr-1) (Comiso et al., 2011, Parkinson 

and Cavalieri, 2012). In 2015, Antarctic sea ice began to decline and has continued to decrease 

thereafter, with unprecedented minimum extents observed in 2016 and 2017 (Parkinson, 2019). 

Sea ice variability in the Southern Ocean has been attributed to multiple drivers including natural 

and anthropogenic driven climate forcing in the Southern Annular Mode and El Niño/Southern 

Oscillation (Gagné et al., 2015, Holland and Kwok, 2012, Turner et al., 2009), and enhanced 

freshwater input from melting of ice shelves by a warming subsurface ocean (Bintanja et al., 

2013). 

Ice shelves and outlet glaciers comprise seventy-four percent of the Antarctic coastline 

(Bindschadler et al., 2011). Basal melting near the grounding zones of outlet glaciers and the 

frontal zones of large ice shelves drives over half of the net mass loss of the Antarctic ice sheet 

(Rignot et al., 2013, Depoorter et al., 2013). Basal mass loss of ice shelves is accelerating, 

particularly in the Bellingshausen/Amundsen Sea sector (Paolo et al., 2015). Ice shelf meltwater 

cools, freshens and stratifies the upper surface layer of the ocean (Hellmer, 2004). Sea ice 

formation is promoted by inhibited vertical mixing, increased efficacy of heat flux to the 

atmosphere, and the insulation of sea ice from warmer subsurface waters below (Bintanja et al., 

2013). Sea ice in proximity to ice shelves has been modelled to be up to twenty percent thicker 

as a result of these effects (Hellmer, 2004). Furthermore, the outflow of supercooled meltwater 

from ice shelf cavities causes accelerated sea ice formation (Robinson et al., 2010), increased sea 
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ice thicknesses (Gough et al., 2012, Purdie et al., 2017), and the formation of a porous sub-ice 

platelet layer (SPL) (Dempsey et al., 2010, Gough et al., 2012, Langhorne et al., 2015).  

Basal melting of ice shelves is driven by three ocean circulation modes as described in Jacobs et 

al. (1992) and summarised here. Each mode involves a specific water mass that circulates at a 

depth determined by its thermohaline properties. The modes can overlap, interact, and their 

relative dominance can vary seasonally and with the geometry of ice shelf cavities. Mode 1 

circulation is a deep water intrusion of High Salinity Shelf Water (HSSW) which causes melting 

of the ice shelf base at depth. In mode 2, Circumpolar Deep Water (CDW) intrudes where an ice 

shelf geometry is accessible at intermediate depths. Mode 3 melting is driven by seasonally 

warmed surface waters and occurs at shallow depths in the ice shelf frontal zone.  

Ice Shelf Water (ISW) is defined as having a potential temperature below the surface freezing 

point (i.e., potentially supercooled) (Jacobs et al., 1985). The thermohaline properties of ISW 

require contact of a relatively warm water mass (i.e., higher than the in-situ freezing point) with 

an ice shelf at depth (Crocker and Wadhams, 1989). Consequently, its formation is mainly 

attributed to mode 1 HSSW-driven melting of ice shelves at depth (MacAyeal, 1984). HSSW is 

formed predominately through sea ice formation in polynyas (Ohshima et al., 2016). 

A coastal or latent-heat polynya is a region of open water or low sea ice concentration within the 

sea ice expanse, which is formed by divergent ice motion with strong offshore winds (Nakata et 

al., 2015). Intense cooling of open surface waters within polynyas, formation of frazil ice crystals 

(Ito et al., 2015), and brine rejection form highly dense and saline HSSW which can sink to the 

seafloor and down-slope into the ice shelf cavity (refer to the schematic in Figure 3.1c) 

(MacAyeal, 1984, Jacobs et al., 1992).  

The freezing point of seawater is reduced by approximately 76 mK per 100 m increase in water 

column depth. HSSW at the surface freezing temperature (~-1.9°C) is effective at melting or 

dissolving (Foldvik and Kvinge, 1974) the base of the ice shelf. The meltwater has a potential 

temperature below the surface freezing point and forms buoyant plumes of ISW which rise along 

the basal slope and become in-situ supercooled as the pressure decreases (Foldvik and Kvinge, 

1974, Jenkins and Bombosch, 1995). Supercooling, combined with a turbulent boundary layer, 

promotes and is alleviated by the formation of frazil ice crystals (Holland and Feltham, 2005, 

Robinson et al., 2014). Continued growth of frazil ice crystals in supercooled water (Smith et al., 

2012) results in the formation of platelet ice crystals.  
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Ice crystals can be transported out from the ice shelf cavity by ocean currents to grow in-situ 

beneath sea ice (Langhorne et al., 2015, Leonard et al., 2011, Smith et al., 2001). The ice crystals 

freeze into the sea ice to form incorporated platelet ice (Smith et al., 2001, Smith et al., 2012). 

When the rate of accumulation of ice crystals from the water column exceeds the rate of freezing 

at the base of the consolidated ice, an unconsolidated sub-ice platelet layer (SPL) is formed 

(Dempsey et al., 2010, Hoppmann et al., 2015a). The thickness of the solid incorporated platelet 

ice and the SPL are correlated with the volume and temporal persistence of supercooled ISW 

outflow from the ice shelf cavity for a given year (Langhorne et al., 2015).  

 

3.1.1 HSSW and ISW circulation in the western Ross Sea and the McMurdo-Ross ice shelf cavity 

In the Ross Sea, prevailing southerly winds (Bromwich et al., 1998) drive the formation of the 

Ross Sea Polynya (RSP) at the western margin of the Ross Ice Shelf (RIS) (Comiso et al., 2011) 

and the McMurdo Sound Polynya (MSP) to the west of Ross Island (Orsi and Wiederwohl, 2009) 

(Figure 3.1). Most HSSW is generated in the RSP from intensive sea ice formation throughout 

winter (Smethie Jr and Jacobs, 2005). The water column has been modelled to consist entirely of 

HSSW from the western end of the RIS to Victoria Land coastline by midwinter (Assmann et al., 

2003, Stern et al., 2013, Tinto et al., 2019). Observations from seal-mounted sensors (Narayanan 

et al., 2019, Piñones et al., 2019) and a profiling float (Porter et al., 2019) recorded a HSSW-

comprised water column in the western Ross Sea in winter and in late spring, respectively. 

Weaker winds on the eastern margin of the RIS result in lower sea ice production and the 

formation of Low Salinity Shelf Water (LSSW) (Smethie Jr and Jacobs, 2005). The east-to-west 

horizontal density gradient steepens with increased sea ice production in the RSP overwinter 

(Assmann et al., 2003) driving circulation of HSSW north of Ross Island and south into 

McMurdo Sound (Figure 3.1) (Stern et al., 2013). 

HSSW flows into the conjoined McMurdo-Ross ice shelf cavity via a deep channel east of Ross 

Island (Jendersie et al., 2018, Tinto et al., 2019) and beneath the relatively thin McMurdo Ice 

Shelf (MIS) in the east of McMurdo Sound (Figure 3.1) (Assmann et al., 2003, Jendersie et al., 

2018, Stern et al., 2013, Tinto et al., 2019). The mean year-round bottom and mid-depth flows 

consist of bathymetrically-channelled HSSW which drives basal melting in the deeper ice shelf 

cavity in the west and southwest (Dinniman et al., 2007a, Jendersie et al., 2018) with peak 

HSSW-driven melting towards the end of winter (Holland et al., 2003). ISW exits the ice shelf 
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cavity at mid-depths in the centre of the RIS (Holland et al., 2003, Jendersie et al., 2018, Orsi 

and Wiederwohl, 2009, Tinto et al., 2019), east of Roosevelt Island (Assmann et al., 2003), and 

rather exceptionally rises to the surface in McMurdo Sound (Figure 3.1) which is described in 

detail in Section 3.1.2. 

 

3.1.2 Ocean circulation and ISW influence on sea ice formation in McMurdo Sound 

McMurdo Sound is bound by Victoria Land coastline, Ross Island, and the MIS in the western 

Ross Sea (Figure 3.1). Fast ice in McMurdo Sound typically breaks out in late summer (Kim et 

al., 2018). In autumn, a fringe of new fast ice forms along the MIS and Victoria Land coastline 

which grows offshore in extent and increases in thickness until mid-December. Sea ice formation 

in McMurdo Sound is characterised by periods of thermodynamic growth in calm conditions and 

frequent episodes of dynamic polynya-driven sea ice production in the eastern side of the sound. 

Strong southerly wind events frequently break up newly-formed first-year (FY) fast ice, and 

advect it offshore where it can join the pack ice or recirculate into McMurdo Sound where it can 

refreeze into fast ice. 

The McMurdo Sound basin and the RIS cavity are connected via Haskell Strait (Figure 3.1), a 

20 km wide and 1 km deep bathymetric channel between Ross Island and White Island to the 

south (Robinson et al., 2010). The hydrodynamics of McMurdo Sound have distinct eastern and 

western regimes. In the east, year-round flow of HSSW into the cavity has been both modelled 

(Assmann et al., 2003, Stern et al., 2013) and observed in summertime moorings south of Ross 

Island (Robinson et al., 2010, Stern et al., 2013), and beneath the sea ice in McMurdo Sound in 

late spring (Lewis and Perkin, 1985, Robinson et al., 2014).  

In summer, surface flows in eastern McMurdo Sound are generally to the south from the Ross 

Sea and the RSP (Barry and Dayton, 1988, Dinniman et al., 2007a, Jendersie et al., 2018, Stern 

et al., 2013) and drive mode 3 basal melting in the nearby shallow MIS (Kobs et al., 2014, Stern 

et al., 2013, Tinto et al., 2019). The winter regime begins in March and April when the surface 

flows in the east change direction, and circulate out from the ice shelf cavity towards the north 

(Leonard et al., 2011, Leonard et al., 2006, Mahoney et al., 2011). On shorter timescales, 

circulation in McMurdo Sound is influenced by diurnal tides with a 13.66 day spring-neap cycle 

(Goring and Pyne, 2003). 
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In the west, the flow regime is predominately out from the cavity to the north and consists of 

ISW which is supercooled and typically laden with frazil ice (Barry, 1988, Lewis and Perkin, 

1985, Robinson et al., 2014). The steep gradient in the basal slope of the conjoined McMurdo-

Ross ice shelf cavity likely accelerates the buoyant rise of ISW from depth. The rapid pressure-

relief ensures the potential for supercooling (Jenkins and Bombosch, 1995, Lewis and Perkin, 

1986, Robinson et al., 2014). The MIS is relatively thin at the point of release (~20-40m) 

(McCrae, 1984) and this maintains supercooling up to the sea surface (Robinson et al., 2014). 

The outflow of ISW from the MIS cavity significantly influences sea ice formation in McMurdo 

Sound (Dempsey et al., 2010, Gough et al., 2012, Gow et al., Jeffries et al., 1993, Langhorne et 

al., 2015, Leonard et al., 2011, Robinson et al., 2014, Smith et al., 2012). ISW and supercooling 

have been detected from the surface to depths of 200 m and 70 m, respectively (Hughes et al., 

2014, Leonard et al., 2006, Lewis and Perkin, 1985, Robinson et al., 2014). Twelve per cent of 

consolidated sea ice thickness within 10 km of the MIS has been attributed to an effective 

negative ocean heat flux induced by supercooled ISW (Gough et al., 2012). In the central-western 

region of the sound, sea ice cores were composed of 60-100% incorporated platelet ice (Dempsey 

et al., 2010, Hughes et al., 2014, Purdie et al., 2017) and SPL thicknesses exceeding seven metres 

were observed (Hughes et al., 2014, Price et al., 2014). Historical records suggest that there had 

been no significant change in the volume or temperature of supercooled ISW or the thickness of 

the platelet ice layer in eastern McMurdo Sound from 1902 to 2013 (Langhorne et al., 2015).  

Variability in the volume and temporal persistence of supercooled ISW circulating into 

McMurdo Sound throughout winter is reflected in the thickness and distribution of ice shelf-

influenced sea ice and the unconsolidated SPL in the following late spring (Gough et al., 2012, 

Hughes et al., 2014). Correspondingly, the volume of supercooled ISW formed is a result of the 

intensity of mode 1 HSSW circulation within the ice shelf cavity, which in turn is driven by 

strong offshore winds, polynya activity, and sea ice production in the open ocean. The outflow 

of supercooled ISW in McMurdo Sound is thus a direct link between wind-driven activity of the 

RSP, and the thickness and distribution of fast ice and the SPL in the region at the end of the sea 

ice growth season. 

To investigate variability in the influence of ISW in McMurdo Sound, the spatial distributions 

and thicknesses of ice shelf-influenced fast ice and the SPL in 2011, 2013, 2016 and 2017 were 

assessed with single-frequency electromagnetic (EM) induction and drill hole surveys. EM 

forward modelling and inversion techniques were applied to extract coincident measurements of 
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sea ice and SPL thicknesses from field measured EM responses. The variability in fast ice extent 

and SPL thicknesses was then related to the frequency of strong southerly wind events in each 

study year by assuming wind speed and direction data are proxies for polynya activity. The 

methods are described in Section 3.2, and then yearly fast ice conditions and sea ice and SPL 

thicknesses are compared in Section 3.3. In Section 3.4, variability in the distributions of fast ice 

and the SPL are discussed within the context of the regional ocean circulation derived from 

previous observations-based and modelling studies. 

  

Figure 3.1. a) Location of study region in the Western Ross Sea, Antarctica. b) McMurdo Sound 

study area (purple box). The late spring fast ice extent for 2011 (mauve), 2013 (blue), 2016 

(green) and 2017 (red) and the location of the Laurie II Automatic Weather Station (AWS) 

(purple triangle) are displayed. The locations named in the text include the McMurdo Ice Shelf 

(MIS), Ross Ice Shelf (RIS), McMurdo Sound Polynya (MSP), Ross Sea Polynya (RSP) and 

Windless Bight (WB). The schematic depicts the circulation of High Salinity Shelf Water 

(HSSW; red dashed line) from the RSP, and regions of HSSW inflow into the conjoined 

McMurdo-Ross ice shelf cavity east of Ross Island and via the Hut Point Peninsula region (green 

box) in eastern McMurdo Sound. Regions of ISW outflow into McMurdo Sound are shown (blue 

dashed line). c) Diagram illustrating wind-driven coastal polynya formation and mode 1 HSSW 

circulation into the ice shelf cavity, supercooled ISW formation, and sub-ice platelet layer (SPL) 

formation beneath adjacent fast ice (satellite image: NASA MODIS, 23 October 2017). 
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3.2 Methods 

3.2.1 Drill hole measurements 

Drill hole measurements were carried out at field sites on the fast ice in McMurdo Sound in 

November 2011, 2013, 2016 and 2017 (Figure 3.2). Many of the same sites were revisited and 

re-measured each year. A higher spatial density of measurements was undertaken in 2011 with 

43 sites distributed over an area of ~1500 km2 in the south of McMurdo Sound. The study area 

was extended to fast ice in the northwest to assess the northerly extent of ISW in 2013, 2016 and 

2017, with 34, 19 and 21 sites, respectively, distributed over an area of ~3000 km2. At each site, 

five holes were drilled in the ice at the centre and end points of two cross-profile lines, each 30 

m long. Sea ice and SPL thicknesses were measured with a suspended thickness probe using the 

procedure described in Price et al. (2014). Snow depth measurements at centimetre accuracy 

were made at half-metre intervals along the cross-profiles with a metal ruler in 2011 and 2013 

and a GPS-equipped Magnaprobe in 2016 and 2017. 

 

3.2.2 Ground-based Electromagnetic Induction surveys 

Ground-based electromagnetic induction (EM) surveys were carried out over the fast ice in 

McMurdo Sound using a portable Geonics Ltd EM31-MK2 instrument mounted on a sledge and 

towed by skidoo. The EM31 operates at a single frequency of 9.8 kHz and has a coil spacing of 

3.66 m. The instrument was configured in vertical dipole mode (VDM) with a conductivity 

sensitivity range of 1000 mS m-1 to prevent saturation of the instrument sensor and to minimise 

external noise. 

EM soundings of the thickness of the ice shelf and the fast ice in McMurdo Sound were 

previously made with airborne EM surveying. Applying conventional EM processing, fast ice 

thickness was overestimated where a SPL was present (by a factor of approximately half the 

thickness of the SPL) (Rack et al., 2013). Detailed descriptions of the standard methods to 

measure sea ice thickness with frequency-domain EM soundings can be found in Haas et al. 

(1997), Haas (2004), Haas and Druckenmiller (2009), Haas et al. (2009), Kovacs and Morey 

(1991), McNeil (1980), and Pfaffling et al. (2007). 
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Hunkeler et al. (2017) applied multi-frequency EM to estimate the bulk conductivity and the 

solid ice fraction of the SPL beneath fast ice in Atka Bay, in the Weddell Sea. The method was 

extended to derive the thickness of the SPL by applying a drill hole-adjusted geophysical 

inversion of a three-layer forward model (Hunkeler et al., 2016).  

Here, single-frequency EM was used to simultaneously retrieve sea ice and SPL thicknesses 

using the processing method described in detail in Irvin (2018) (refer to pages 89-98) and 

summarised here. To determine the thickness and conductivity of the SPL, forward modelling 

was applied to a three-layer (sea-ice/snow, SPL and seawater) case. Theoretical EM in-phase and 

quadrature responses were forward modelled with corresponding total ice (sea ice plus the snow 

layer) and SPL thickness pairs for a range of bulk conductivity values and thicknesses (in 0.1 m 

resolution) of the SPL (refer to pages 37-40 of Irvin (2018)). Field measured EM in-phase and 

quadrature pairs were then compared with modelled values to find the best matching measured 

and modelled total ice and SPL thicknesses in a ‘brute force’ inversion (refer to pages 46-50 of 

Irvin (2018)).   

The EM response to total ice and SPL thicknesses is non-linear with smaller in-phase and 

quadrature returns for thicker layers and vice versa. Therefore, the resolvability of changes in 

thickness and signal-to-noise ratio are reduced over thicker total ice and SPLs. For thicknesses 

of total ice or SPL greater than 2 m, the relative error is approximately 5-15% (refer to Figure 

6.1.3 on page 92 of Irvin (2018), for an error study on inversion results). The EM derived SPL 

can have an absolute error of up to 0.5 m for thicknesses of total ice and SPL less than 2 m. For 

further details on the limitations of the EM method refer to pages 91-93 of Irvin (2018). 

The conductivities of snow and sea ice are comparably low and cannot be differentiated with EM 

techniques. Therefore, the results of the inversion represent an estimated total ice thickness, i.e., 

the sum of the sea ice and the snow layer (Haas and Druckenmiller, 2009). To obtain estimates 

of sea ice thickness only, the snow layer was subtracted from total ice thickness using extensive 

snow depth measurements carried out along the EM surveys (Figure 3.2a-d) (refer to Section 

3.2.3).  

EM surveys were carried out on west-east transects across McMurdo Sound (Figure 3.2k and 

3.2l), and on travel between field sites. Geo-located EM soundings were recorded at a frequency 

of 1 Hz resulting in a measurement every ~10 m at typical skidoo travel speeds. For validation, 

EM measurements were made for ten seconds over the five drill holes at each field site. Maps of 
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EM survey tracks and field sites are shown in Figure 3.2 for each year. The distance covered by 

EM soundings (both unique profiles and total survey distance including repeated profiles), survey 

time periods and number of coincident drill hole measurements used to calibrate the model are 

given in Table 3.1.  

Northern, Centre and Southern transects were carried out across McMurdo Sound along lines of 

latitude 77.667°S, 77.767°S, and 77.833°S respectively (Figure 3.2k and 3.2l). The Centre 

transect was surveyed every year with EM and drill hole measurements (five revisited field sites), 

facilitating a direct comparison of yearly drill hole measured sea ice, SPL and snow layer 

thicknesses, and EM measured sea ice and SPL thicknesses. The Northern and Southern transects 

were not surveyed fully each year (Refer to Table 3.1). EM transects were carried out along the 

estimated centre axial line of the ISW plume from southwest to northwest in 2016 (16 and 22 

November) (Figure 3.2k) and 2017 (9 November) (Figure 3.2l). Snow depth transects were 

carried out on the Centre line in 2016 and 2017 with 60 measurements taken at 0.5 m intervals 

every 1 km (Figure 3.2c-d). 

 

Table 3.1. Summary of the EM and drill hole surveys carried out in 2011, 2013, 2016 and 

2017. 

 

Year 

a)  

EM Survey 

Distance (km) 

b)  

EM Survey Time Period 

c)  

Drill hole 

Measurements 

for Calibration 

d) 

Northern 

77.667°S 

e) 

Centre 

77.767°S 

f) 

Southern 

77.833°S 

2011 300 

(360) 

18-29 November 102 DH/EM DH/EM DH 

2013 100 1 December 20 DH DH/EM Not 

surveyed 

2016 400 

(700) 

7-22 November 95 DH/EM DH/EM EM 

2017 300 

(460) 

3-21 November 67 Not 

surveyed 

DH/EM DH/EM 

 

Note: a) Distances covered with EM surveys for both unique profiles and total survey distance 

including repeated profiles (given in parentheses), b) dates of EM survey time periods, and c) 

number of drill hole measurements used to calibrate the model are shown for each respective 

year. Columns d, e and f state whether the Northern, Centre, and Southern transects, 

respectively, were surveyed with drill hole surveys (DH) and/or EM or not surveyed. 
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Figure 3.2. Spline interpolated distributions of (a-d) snow depth, and the thickness of (e-h) fast 

ice and (i-l) SPL respectively observed in November 2011, 2013, 2016 and 2017 displayed on 

late spring satellite images. (a-d) Interpolated snow depths from measurements made at field sites 

(dark blue dots) and the snow surveys carried out on the Centre transect in (c) 2016 and (d) 2017 

(grey dots). (e-h) Interpolated drill hole measured fast ice thickness with field sites (pink dots) 

and EM surveys (black dots). (i-l) Interpolated EM measured SPL thicknesses with (k and l) the 

locations of the Northern (77°40’S), Centre (77°46’S) and Southern (77°50’S) transects labelled 

and marked with black solid lines, and the North-Centre transect surveyed in 2017 (black dashed 

line). The boundary of the transect area (black hatching) is shown in (k) and the locations of the 

Northwest transects are displayed in (k) 2016 (green dashed line) and (l) 2017 (red line). The Hut 

Point Peninsula region shown in Figure 3.6 is outlined (red box) in i-l. Note the ‘Sliver Iceberg’ 

grounded and frozen into the fast ice in the northwest of McMurdo Sound in 2016 and 2017. 
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3.2.3 Snow Correction of EM-derived Total Ice Thickness  

To account for the inclusion of the snow layer in the EM measured total ice thickness (emTT) 

and to obtain estimates of EM-derived sea ice thickness (emSI), separate corrections were applied 

to (1) the EM measurements made at field sites to facilitate a direct comparison with drill hole 

thicknesses (Section 3.3.1), and (2) the entire EM dataset to account for interannual variability in 

sea ice thickness introduced by the snow layer.  

(1) At field sites (with five drill holes (DH)), emTT and EM measured SPL (emSPL) were 

converted to raster cells by averaging all EM measurements within a 30 m2 cell to give emTTDH 

and emSPLDH, respectively. The average snow depth measured at each site (SDDH) was subtracted 

from the corresponding raster values for emTTDH to give a corrected EM sea ice thickness at drill 

hole sites (emSIDH). Linear regression analyses of emSIDH and emSPLDH versus average drill 

hole fast ice (SIDH) and SPL (SPLDH) thicknesses (i.e., mean thicknesses obtained from all five 

drill hole measurements at each field site) were carried out to assess and validate the EM-derived 

sea ice and SPL thicknesses with a 1:1 match being aspirational (Figure 3.3).  

(2) The entire dataset of continuous emTT measurements along EM transects was corrected using 

a spline interpolated snow layer derived from the average snow depth values at snow 

measurement sites. Interpolated snow thickness values were extracted for each EM data point 

and subtracted from emTT to give a corrected EM Sea Ice thickness (emSI). In some cases, it 

was necessary to extrapolate snow thickness beyond the boundary of the measurements, causing 

estimates of snow thickness to be less reliable there. However, the distribution of the snow layer 

in McMurdo Sound is reasonably consistent from year to year with higher accumulations in the 

east and southeast, thinning to a sparse coverage in the centre, west and northwest (presented in 

Figures 3.2 a-d). It is important to note that the snow correction does not need to be applied to 

the EM-derived SPL thickness which is forward modelled as an individual conductive layer. 
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Figure 3.3. Comparison of EM-derived a) sea ice and b) SPL thicknesses with average drill hole 

measurements (i.e., mean thicknesses obtained from all five drill hole measurements at each field 

site). 

 

 

 

Table 3.2.  Yearly mean values used as validation of the model output in the linear regression 

analyses (with number of field sites used for comparison). 

 

YEAR 

(No. sites (n)) 

a) 

SIDH (m) 

b) 

emSIDH (m) 

c) 

SPLDH (m) 

d) 

emSPLDH 

(m) 

e) 

SDDH (m) 

f) 

R2  

Sea ice 

g) 

R2 

SPL 

2011  

(n=20) 

2.03 ±0.33 1.91 ±0.46 1.91 ±1.69 2.04 ±1.75 0.19 ±0.12 

 

0.55 0.95 

2013 

(n=5) 

2.22 ±0.14 2.28 ±0.10 2.04 ±1.46 2.12 ±1.13 0.08 ±0.09 0.40 0.94 

2016 

(n=19) 

2.19 ±0.32 2.24 ±0.46 0.79 ±1.07 

 

0.80 ±0.96 0.08 ±0.07 

 

0.79 0.96 

2017  

(n=16) 

2.19 ±0.48 2.20 ±0.53 1.82 ±1.25 2.03 ±1.25 0.35 ±0.10 0.82 0.93 

 

Note: a) drill hole measured fast ice (SIDH) and b) coincident emSIDH, c) drill hole measured 

SPL (SPLDH) and d) coincident emSPLDH thicknesses. e) mean snow depth at field sites (SDDH) 

and R2 values from linear regression analyses of f) emSIDH versus SIDH and g) emSPLDH versus 

SPLDH. 
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3.2.4 Variability in strong southerly wind events and polynya activity over winter 

Dale et al. (2017) observed a strong correlation between wind speeds on the western margin of 

the RIS and satellite observed sea ice concentration (SIC) in the RSP region. They analysed data 

from the University of Wisconsin-Madison’s Laurie II Automatic Weather Station (AWS) which 

is located near the ice shelf edge on the RIS, upstream of the RSP, and 33 km east of Ross Island 

(Figure 3.1). The lowest SICs were observed in the RSP region when the mean 24 hr wind speed 

was above 7.5 m s-1 at the Laurie II AWS. This finding was validated with Synthetic Aperture 

Radar (SAR) imagery when available (not shown) and it was assumed that if mean daily 

southerly wind speeds were above 7.5 m s-1, then the duration of strong winds was sufficient to 

lower SICs and form the RSP. The mean daily wind speeds and directions observed at Laurie II 

in 2011, 2013, 2016 and 2017 were calculated and the percentage of days with average southerly 

(i.e., 90-270°) wind speeds above the 7.5 m s-1 threshold were then quantified. The frequency 

and timing of strong southerly wind events and inferred activity of the RSP was then assessed to 

investigate if years with more polynya activity co-occurred with a thicker SPL and thus higher 

volumes of supercooled ISW outflow in McMurdo Sound. 
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3.3 Results 

3.3.1 Validation of EM-derived sea ice and SPL thicknesses 

Linear regression analyses of emSIDH and emSPLDH thicknesses versus average drill hole 

measured SIDH and SPLDH at field sites are shown and compared to a 1:1 line in Figure 3.3. High 

R2 values (Table 3.2) of 0.93 and above were obtained for the SPL in all years. Good agreement 

for EM and drill hole measured sea ice thicknesses was observed in 2016 and 2017 with 

respective R2 values of 0.79 and 0.82. A weaker correlation for sea ice thickness was observed in 

2011 and 2013 with respective R2 values of 0.55 and 0.40. However, the range of observed sea 

ice thicknesses was narrower in 2011 and 2013 and only 5 field sites were compared in 2013. 

Mean values for SIDH and SPLDH, emSIDH and emSPLDH thicknesses and average snow depth at 

field sites (SDDH) used in the linear regression analyses are displayed in Table 3.2 with R2 values. 

 

3.3.2 Distribution of fast ice and the SPL in McMurdo Sound 

The distributions of snow depth, fast ice and SPL thickness are shown for each year in Figure 3.2 

with spline interpolations of drill hole and EM measurements. The pattern observed each year 

was of thicker fast ice and a substantial SPL in the centre and west of the sound, in proximity to 

the ice shelf margin, with thicknesses decreasing to the east and north. Snow accumulation was 

higher in the east than in the west every year with variable depths and distributions. Interannual 

variability in the spatial distributions of fast ice, SPL and snow is described, and the conditions 

for fast ice formation recounted when available in Section 3.3.3. Yearly profiles of snow depth, 

fast ice and SPL thicknesses on the Northern, Centre and Southern transects (Figures 3.4 and 3.5) 

are compared in Section 3.3.4. 

 

3.3.3 Interannual variability in the spatial distribution of fast ice and the SPL 

Near-complete breakout of the previous year’s fast ice occurred each study year with small 

sections of multi-year (MY) ice remaining attached to the MIS. Field measurements were thus 

predominately carried out on FY ice. The sea ice was generally smooth and homogeneous with 

occasional pressure ridging. However, in some regions the fast ice was comprised of refrozen 
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floes and was thus relatively rough and heterogeneous. This was the case for much of the fast ice 

in 2013, which was significantly rougher than in other years. In March 2014, a 10 km long and 

approximately 1 km wide iceberg, dubbed the ‘Sliver Iceberg’, became grounded in the 

northwest of McMurdo Sound and remained in that location for 2016 and 2017 (Figure 3.2). 

Until February 2011, the fast ice consisted of a fringe of FY ice in the north and a large section 

of MY ice in the south which completely enclosed the MIS. The majority of both FY and MY 

ice broke out in February 2011, ending a MY ice regime that had persisted in McMurdo Sound 

since 2002 (Hughes et al., 2014). The formation of the MY ice cover was attributed to the 

grounding of large tabular icebergs in the region between 2000-2005 which altered ocean 

circulation and prevented fast ice breakout from McMurdo Sound (Robinson and Williams, 

2012). In the following November 2011, a substantial SPL (Figure 3.2i) with a maximum 

observed thickness of 7.5 m was detected at longitude 165.4°E on the Southern transect (Figure 

3.4d). Notably, a thick and variable SPL of 2-10 m was detected in proximity to the MIS margin 

in the southeast of the sound in the Hut Point Peninsula region (Figures 3.2i and 3.6b). Typical 

FY fast ice thicknesses (Figure 3.2e) ranging from 1.34 m in the northeast to 2.65 m in the 

southwest were observed. The snow layer was relatively deep in the east and northeast (maximum 

observed depth of 0.47 m), decreasing to a sparse coverage in the west, southwest and southeast 

(Figure 3.2a).  

The fast ice extent in November 2013 was similar to 2011 and 2017 (Figure 3.1). However, the 

surface and composition of the ice was significantly rougher. A sparse covering (cms) of snow 

was observed with concentrations of deeper snow (0.2-0.3 m) in the southeast (Figure 3.2b). In 

comparison to other years, the EM survey in 2013 covered a smaller area and was only of one 

day duration (Figure 3.2f). SPL thickness from the drill hole dataset varied from 0 m in the east 

and northeast to 4.08 m in the southwest. However, no measurements were made on the Southern 

transect in 2013 where it would be expected to observe a thicker SPL. Minimum and maximum 

fast ice thicknesses (Figure 3.2f) of 1.51 m and 2.30 m were observed in the northeast and 

southwest respectively. In the northwest, the fast ice and SPL measured in drill holes were thicker 

than 2016 and 2017, by approximately 0.3 m and 0.2 m for sea ice, and 0.1-0.2 m and 0.3 m for 

SPL, respectively.  

In 2016, SAR observations indicated relatively low activity of the RSP and MSP over winter. 

The calmer conditions led to largely undisturbed sea ice growth and anomalous fast ice coverage, 

which extended east beyond Ross Island and north to the tip of the Drygalski Ice Tongue (Figure 
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3.1). The fast ice in the south of McMurdo Sound in 2016 was more homogeneous, smoother 

and thicker (Figure 3.2g) than other years along all transect lines (Figures 3.4 and 3.5). In 

contrast, the SPL (Figure 3.2k) was thinner with a maximum thickness of 4.5 m observed with 

EM between longitude 165.42°E and 165.53°E on the Southern transect (Figure 3.4d). In the 

northwest, platelet ice was observed in drill holes but the SPL was very thin (a few centimetres). 

Similar to 2013, snow accumulation was sparse, ranging from a few centimetres in the west and 

northwest to depths of 0.10 m in the east (Figure 3.2c).  

Frequent activity of the RSP and MSP was observed in SAR acquisitions over winter in 2017. 

Openings of both polynyas occurred relatively late in spring and were often significantly larger 

in area than observed in other study years. The fast ice edge in McMurdo Sound was thus 7-8 km 

further south than typical extents (Figure 3.1) and the sea ice in the northeast was two months 

younger. Regardless, typical fast ice thicknesses of 1.77 m in the northeast and 2.35 m in the 

southwest were measured in drill holes (Figure 3.2h). The SPL was thicker than in 2013 and 

2016, and comparable to 2011 but extended further east along the Centre transect (Figure 3.4c). 

Snow accumulation (Figure 3.2d) was substantial in the east and southeast and comparable in 

depth to 2011, with compacted snow, wind crusts and wind-blown sediment frequently observed 

within the snow layer. 

 

3.3.4 Interannual variability of fast ice and SPL thicknesses on EM transects 

EM profiles and drill hole measurements of sea ice and SPL thickness along the Northern, Centre 

and Southern transects are compared in Figure 3.4, and along the Centre transect for each year in 

Figure 3.5. In general, the inverted EM sea ice and SPL thicknesses agreed with drill hole 

measurements. However, EM-derived sea ice was occasionally overestimated at the eastern end 

of the profiles.  

The Northern transect in Figure 3.4a had thicker fast ice in the west in 2016, relative to 2011 and 

2013. The SPL was thickest in 2011 at approximately 4 m. In 2016, the SPL in the west was 

thinner with a flatter draft but extended further east relative to 2011 and 2013. The Northern 

transect could not be surveyed in 2017, because the fast ice edge in the northeast was too far 

south (Figure 3.2l). However, an additional east-west EM transect was carried out between the 
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Northern and Centre transects along latitude 77.717°S (Figures 3.2l and 3.4b). The SPL on this 

transect was thickest in the west at approximately 3-3.5 m and decreased in thickness to the east. 

Over the 11 km distance between the Northern and Centre transects, the longitudinal width of 

the SPL approximately doubled towards the east from 15 to 30 km. The Centre transect in Figures 

3.4c and 3.5 had very similar SPL thicknesses and distributions in 2011 and 2017 with two 

maxima in the SPL draft centred at longitudes 165.3°E and 164.9°E. The fast ice thickness and 

snow depth along this profile were also comparable for these years. The SPL was thinnest in 

2016 and 2013 but extended further east in 2013. The maxima in the draft of the SPL were less 

prominent in 2013 and 2016. 

The Southern transect in Figure 3.4d includes a partial and a full EM survey from 2016 and 2017, 

respectively, and drill hole measurements from both 2011 and 2017. The SPL in 2016 was 

slightly thinner than in 2017. Drill hole and EM measurements revealed a thicker SPL in 2011, 

relative to 2016 and 2017. However, the EM-derived SPL in 2017 was underestimated relative 

to drill holes by approximately 1 m in the centre-west region of the profile. A non-uniform SPL 

was observed in drill hole measurements at these field sites in 2017 where a less-dense layer was 

encountered within the SPL at approximately 1 m from the base of the SPL. 

The Northwest transects in 2016 and 2017 (not shown; Refer to Figure 3.2 for locations) were 

not carried out on the same line but show that the SPL extended north to about latitude 77.59°S 

in 2016 and 77.45°S in 2017. The fast ice was considerably rougher in this region in 2017. It was 

suspected that the EM transects were west of the main ISW plume as considerably thicker SPLs 

were measured to the east in both years. 
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Figure 3.4. Interannual variability of snow-corrected EM measured sea ice (emSI) and SPL 

(emSPL) thicknesses and average drill hole measured sea ice (SIDH) and SPL (SPLDH) 

thicknesses at field sites with interpolated snow depth (in metres) along the a) Northern 

(77.667°S), b) the additional 2017 Northern-Centre (77.717°S) line, c) Centre (77.767°S), and d) 

Southern (77.833°S) west to east transects. Sea ice and SPL thicknesses are given in positive and 

negative ice thickness values, respectively. Snow depth is displayed with a different y-axis scale. 

The variability of the snow layer is better resolved on the Centre transect in 2016 and 2017 as 

measurements were carried out at 1 km spacing. 
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Figure 3.5. West (left) to east (right) transects of snow-corrected EM measured sea ice (emSI) 

and SPL (emSPL) thicknesses and average drill hole measured sea ice (SIDH) and SPL (SPLDH) 

thicknesses at field sites with interpolated snow depth (in metres) along the Centre line (Latitude 

77.767°S) in a) 2011, b) 2013, c) 2016 and d) 2017. 

 

 



67 

 

3.3.5 Negative ocean heat flux from supercooled ISW and the SPL 

The average negative ocean heat flux (Fw) required over winter to form the SPL within the 

hatched area shown in Figure 3.2k was calculated by applying equation 3.1 and the assumptions 

made in Langhorne et al. (2015): 

𝐹𝑊 =
𝐻𝑠𝑝𝑙𝛽𝜌𝑖𝑐𝑒𝐿𝑖𝑐𝑒

𝑡𝑠𝑝𝑙
                                                                  (3.1) 

Only the thickness of the unconsolidated SPL (𝐻𝑠𝑝𝑙) was considered and the incorporated platelet 

ice fraction of the overlying sea ice excluded, which would require crystallography data from sea 

ice cores. The density (𝜌𝑖𝑐𝑒) and latent heat (𝐿𝑖𝑐𝑒) of the ice within the SPL were assumed to be 

that of pure ice. The average effective negative ocean heat required to form the SPL over winter 

each year from 1 July to 1 November (𝑡𝑠𝑝𝑙) was calculated according to Langhorne et al. (2015). 

Here, a constant value of 0.25 was used for the solid ice fraction of the SPL (𝛽) (Gough et al., 

2012) to facilitate the direct comparison between study years. The effective negative ocean heat 

flux for each year (averaged over the 675 km2 hatched transect area shown in Figure 3.2k) are 

given in W m-2 in Table 3.3. The heat flux to the ocean ranged from -9 to -19 W m-2, which 

agreed with prior observations made in the region (Gough et al., 2012, Langhorne et al., 2015, 

Mahoney et al., 2011, Purdie et al., 2017). 

 

3.3.6 Variability in the SPL in the Hut Point Peninsula Region 

The Hut Point Peninsula region (inset in Figures 3.1 and 3.2i-l) is displayed in Figure 3.6a with 

EM transects from 2011, 2013, 2016 and 2017. Figure 3.6b shows EM-derived SPL thicknesses 

(averaged and rasterized on a 200 m2 cell) from all measurements carried out in the region in 

2011. Eight repeat EM transects were carried out from Cape Armitage to Scott Base between 18 

and 29 November 2011. Variable SPL thicknesses of 2-3 m were recorded along the majority of 

this transect, increasing to 5 m in proximity to the ice shelf near Scott Base. SPL thicknesses of 

up to 10 m were recorded under small sections of MY ice attached to the MIS in the south of the 

region. 
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Figure 3.6. Envisat SAR image from November 2011 of the Hut Point Peninsula region (inset 

in Figures 3.1 and 3.2i-l) showing a) all EM transect tracks from 2011 (grey), 2013 (blue), 2016 

(green) and 2017 (red) with start (A) and end (B) points of the 2016 and 2017 transect profiles 

displayed in c) and d) respectively; and b) EM measured SPL thicknesses (averaged to a 200 m 

raster) from all measurements carried out in the region in 2011. The SPL thicknesses of 10 metres 

were observed under small sections of multi-year (MY) ice (pink hatching) attached to the MIS; 

c) statistically insignificant, and d) variability in the SPL over timescales of days and weeks: EM 

total ice (i.e. not corrected for the addition of the snow layer) (positive y-axis) and SPL (negative 

y-axis)  thicknesses from EM transects carried out between point A and B (Figure 3.6a) from c) 

nine repeat surveys between the 7 to 22 November 2016; d) three repeat surveys on the 3, 11 and 

21 November 2017. 
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In 2013, the single EM transect carried out in the region on 30 November detected a very thin 

SPL of 0-0.4 m (not shown). In 2016, nine repeat surveys recorded minimal or no SPL and no 

changes were observed from 7 to 22 of November (Figure 3.6c). In 2017, a substantial SPL was 

again detected in the region between longitude 166.67°E to the ice shelf edge at Scott Base, which 

varied in thickness from 1-3 metres between 3 and 21 of November (Figure 3.6d). The 

consistency of the EM retrieved total ice thickness along these repeat profiles indicated that 

instrument drift was not a contributing factor to the observed changes in SPL thickness. 

 

3.3.7 Variability in strong southerly wind events and polynya activity over winter 

Probability Density Functions of yearly wind direction are shown in Figure 3.7a. The dominance 

of southerly winds (180°) in the region was evident with normal distributions centred about the 

180-230° direction. Cumulative Distribution Functions of average daily wind speeds from (1 

February to 30 November) in Figures 3.7b show a higher probability of mean daily southerly 

(180-230°) wind speeds above 7.5 m s-1 for 2017 relative to all other years followed by 2011, 

2013 and then 2016 at 45%, 34%, 32% and 25%, respectively. A maximum mean daily wind 

speed of 26 m s-1 was observed in 2017 in comparison to the typical maximum mean daily wind 

speeds of 18-20 m s-1 observed in all other years. The distribution of strong wind events over 

each year showed a significantly lower occurrence in May, July and August of 2016 and a higher 

occurrence in July and August of both 2011 and 2017 relative to all study years. 
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Figure 3.7. a) Probability Density Functions of wind direction (degrees) with normal fits applied, 

and b) Cumulative Distribution Functions of average daily wind speeds (m s-1) above 7.5 m s-1 

from the University of Wisconsin-Madison’s Laurie II Automatic Weather Station (AWS) for 

2011 (grey), 2013 (blue), 2016 (green) and 2017 (red). 

 

3.3.8 Interannual variability in strong southerly wind events, fast ice distribution and volumes of 

sea ice, SPL and snow 

As a means to quantify and compare interannual variability of fast ice with the frequency of 

strong wind events, the distance between the fast ice edge and the MIS in the centre of McMurdo 

Sound along longitude 165.6°E and the total fast ice area south of the northernmost point of Ross 

Island (latitude 77.167°S; purple box in Figure 3.1) was measured. The integrated volumes of 

sea ice, SPL and snow were then calculated within the boundary of the hatched area shown in 

Figure 3.2k from spline interpolations of the drill-hole (DH) and EM datasets. The 2013 EM 

dataset was excluded as the survey did not sufficiently cover the hatched area (Figure 3.2j). The 

2017 fast ice edge was used as the northern boundary to facilitate a direct comparison between 

years. The frequency of strong southerly wind events, fast ice extent and area, volumes of snow, 

sea ice and SPL, and average effective negative ocean heat flux within the hatched area are 

summarised in Table 3.3 and discussed in Section 3.4.4. 
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Table 3.3.  Interannual variability of the frequency of mean daily southerly winds ≥7.5 m s-1, 

fast ice extent, area and volumes of snow, sea ice, SPL and mean effective heat flux within the 

boundary of the hatched area in Figure 3.2k. 
 

YEAR 
a) 

Frequency 
of mean 

daily wind 
speeds  

≥7.5 m s-2 

(%)  

b) 
Fast Ice Extent  

 
 
 

(km) 

c) 
Fast Ice Area 

 
 
 

(km2) 

d) 
Transect 

Snow 
Volume 

(DH) 
 

(km3) 

e) 
Transect 
Sea Ice 
Volume 
(DH/EM) 

 
(km3) 

f) 
Transect 

SPL Volume 
(DH/EM) 

 
(km3) 

g) 
Transect 

Mean  
Ocean Heat 

Flux 
(DH/EM) 
(W m-2)  

2017 

 

45 18.5 3000 0.133 1.430/1.624 1.539/1.406 -17.9/-16.4 

2011 

 

34 25 3160 0.110 1.463/1.440 1.633/1.577 -19.0/-18.4 

2013 

 

32 27 3210 0.030 1.476/NA 1.299/ NA -15.1/ NA 

2016 
 25 162 5250 0.068 1.648/1.752 1.240/1.012 -14.4/-9.3 

Note: Yearly values for a) the frequency (%) of mean daily wind speeds ≥7.5 m s-2 at the Laurie II AWS between 

1 February and 1 November, b) the distance (km) between the MIS and the fast ice edge in the centre of McMurdo 

Sound along longitude 165.6°E , c) total fast ice area (km2) south of latitude 77.167°S (purple box outlined in 

Figure 3.1). Integrated volumes (km3) of d) snow, e) sea ice, and f) SPL obtained from both spline interpolations 

of the drill hole (DH) and electromagnetic induction (EM) surveys, and g) mean effective negative ocean heat 

flux required over winter (1 July to 1 November) to form the SPL bound within the 675 km2 hatched area in Figure 

3.2k. 
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3. 4 Discussion 

3.4.1 The thickness of sea ice and the SPL from EM surveys 

With the exception of Hunkeler et al. (2017), (2016), prior assessments of ice shelf-influenced 

sea ice and SPL thicknesses were predominately based on low-resolution point observations with 

drill hole measurements (spacing of 5-10 km) or sea ice cores. Applying EM forward modelling 

and inverse techniques, coincident measurements of sea ice and SPL thickness were obtained 

every ~10 metres increasing the spatial resolution one thousand-fold relative to the drill hole 

surveys. Additionally, EM soundings were made each second, facilitating instantaneous and 

continuous measurements versus the several hours required for drill hole surveys. Detailed spatial 

variability in the distributions and thicknesses of sea ice and SPL could thus be resolved in 

regions without drill hole measurements, and for the first time with EM, temporal changes in the 

SPL were detected occurring over days and weeks. The high resolution and rapidly acquired EM 

measurements could be used to inform and validate models describing ice shelf, sea ice and ocean 

interactions (Buffo et al., 2018, Cheng et al., 2019, Hughes et al., 2014). 

The EM-derived sea ice and SPL thicknesses were in excellent agreement with drill hole 

measurements on EM transects (Figures 3.4 and 3.5) and in the linear regression analyses (Figure 

3.3). The volumes obtained from EM-derived sea ice and SPL differed from that of drill holes 

(Table 3.3). It was expected that the high level of small-scale variability resolved in sea ice and 

SPL thicknesses with EM will provide more accurate estimates than drill holes. This is supported 

by the similar volumes obtained in 2011 from both drill hole and EM measurements when a 

higher density of drill hole field sites was surveyed (i.e., 5 km spacing versus 10 km in all other 

years). 

The slight overestimation of EM sea ice thicknesses in the east could be attributed to a number 

of factors, including the marked difference in the distribution of snow and the SPL. The 

largescale surface roughness of deeper snow drifts and sastrugi observed in the east would 

introduce noise and cause unpredictable tilt of the instrument. Amplified noise is apparent on the 

eastern side of EM transects, particularly in 2011 and 2017, when the snow was deeper and 

expressed more surface topography (refer to Figures 3.4 and 3.5). The snow depth correction 

would also introduce error to the EM sea ice thicknesses given that interpolated data points were 

1-10 km apart.  



73 

 

EM measured sea ice thicknesses would deviate from drill hole point measurements in regions 

of rougher non-homogeneous ice (Liu and Becker, 1990). Non-uniformities in the density of the 

SPL, as observed at several drill hole sites on the Southern transect line in 2017, could influence 

the integrity of the assumed 3-horizontal layer model (Irvin, 2018). Robinson et al. (2014) 

postulated that brine concentrations could occur within the SPL if downward drainage was 

impeded. Inhomogeneities in the density of the SPL were also observed in Atka Bay, Antarctica 

(Hoppmann et al., 2015b). The magnitude of this effect could not be quantified given the 

difficulty of measuring the porosity and conductivity of the SPL directly.  

 

3.4.2 Interannual variability in the distribution of fast ice and the SPL 

The distributions of thicker fast ice and SPL agreed with prior observations of ISW and effective 

negative ocean heat flux in McMurdo Sound (Barry and Dayton, 1988, Dempsey et al., 2010, 

Langhorne et al., 2015, Lewis and Perkin, 1985, Robinson et al., 2014). The thickness of the fast 

ice at the end of the growth season is a net result of the age of the ice itself, and the temporal 

persistence and thermal properties of the ISW plume beneath. In addition, snow insulates sea ice 

from the atmosphere and inhibits thermodynamic growth (Hoppmann et al., 2015a). It is difficult 

to directly quantify the influence of ISW and supercooling on sea ice without ice core 

crystallography data. However, the spatial distribution of thicker fast ice concurred with the 

distribution of the SPL every year, where substantial thicknesses were observed in the west-

centre region of the sound, adjacent to the MIS, thinning to east and northeast and more gradually 

to the northwest. The pattern of thicker fast ice and SPL is driven by ISW outflow from the MIS 

cavity (Dempsey et al., 2010, Leonard et al., 2011) and its circulation in McMurdo Sound. The 

ISW plume and frazil ice suspension are a persistent feature in the west of McMurdo Sound, 

advancing eastwards as the winter growth season progresses (Hughes et al., 2014, Robinson et 

al., 2014).  

SPL thickness is directly correlated to the degree of in-situ supercooling of the ocean beneath 

(Hughes et al., 2014) and thus provides a measure of cumulative surface supercooling over 

winter. For a SPL to form, the upper water column must be cooled to the surface freezing point 

with an effective negative ocean heat flux in place over tens of metres beneath the sea ice 

(Mahoney et al., 2011). Considerably thicker SPLs with similar distributions and drafts were 

observed in late spring of 2011 and 2017, in comparison to the thinner SPL observed in 2016. It 
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was thus deduced that higher volumes and/or colder (and thus deeper origin) supercooled ISW 

was outflowing in McMurdo Sound throughout the winters of 2011 and 2017. 

 

3.4.3 Variability in the SPL in the Hut Point Peninsula region 

Supercooled ISW outflow extended to the eastern end of the MIS and manifested as substantial 

SPLs in the Hut Point Peninsula region in 2011 and 2017. The SPLs observed near the MIS in 

2011 (5 m) and 2017 (2 m) were thick and variable, and significantly were not present in 2013 

and 2016. The EM survey in 2013 was carried out over one day and might not have been long 

enough to detect the potentially variable presence of SPL in the region. However, the nine EM 

transects repeated in November 2016 detected minimum to no SPL. This suggests that there were 

substantial and sustained outflows of supercooled ISW from the MIS in this region over winter 

in 2011 and 2017, relative to 2013 and 2016. 

The Hut Point Peninsula region is an important pathway for the exchange of water masses 

between the Ross Sea and the conjoined MIS and RIS cavity (Assmann et al., 2003, Assmann, 

2003, Hunt et al., 2003, Jendersie et al., 2018, Leonard et al., 2006, Lewis and Perkin, 1985, 

Mahoney et al., 2011, Robinson et al., 2010, Robinson et al., 2014, Stern et al., 2013, Leonard et 

al., 2011). Currents here are predominantly to the south and into the cavity. However, surface 

flows in the east of the sound reverse to the north and out from the ice shelf cavity in March and 

April (Leonard et al., 2011, Leonard et al., 2006, Mahoney et al., 2011).  

 

3.4.4 Interannual variability in strong southerly wind events and polynya activity over winter 

Low wind conditions in 2016 led to largely undisturbed thermodynamic sea ice growth and 

anomalously extensive fast ice coverage. In 2016, a significantly lower occurrence of strong 

southerly wind events was recorded in May, July and August relative to all study years. In 

contrast, frequent and large openings of the MSP and RSP were captured in SAR images 

throughout the winter of 2017. This affected the persistence of newly established fast ice in the 

northeast of McMurdo Sound. As a result, the fast ice edge in November 2017 was 7-8 km south 

of more typical extents observed in 2011 and 2013. 
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To investigate if years with more polynya activity and thus HSSW formation co-occurred with a 

thicker SPL, the assumption was made that when mean daily southerly wind speeds were above 

7.5 m s-1, then the duration of strong winds was sufficient to lower SIC and form the RSP 

according to Dale et al. (2017). The frequency and timing of strong southerly wind events and 

polynya activity was then compared in the region for each year. The highest proportion of days 

with mean daily wind speeds above 7.5 m s-1 was observed in 2017 (45%), followed by 2011 

(34%), 2013 (32%), and the lowest in 2016 (25%).  

The frequency of strong southerly wind events, fast ice extent and fast ice area are compared in 

Table 3.3 with volumes of snow, sea ice and SPL, and average effective negative ocean heat flux 

calculated within the hatched area in Figure 3.2k. The contrast in conditions for fast ice formation 

due to the winds in 2016 and 2017 was pronounced with respective fast ice extents of 162 km 

and 18.5 km, and areas of 5250 km2 and 3000 km2. 2011 and 2013 had similar extents and areas 

and were more typical of fast ice distributions in McMurdo Sound (Kim et al., 2018). Sea ice 

volumes from spline interpolations of the drill hole datasets are similar in 2011, 2013 and 2017, 

but significantly higher in 2016. SPL volumes and thus average effective negative ocean heat 

flux from the EM measurements were significantly higher in 2017 and 2011, relative to 2016. 

Snow deposition is likely to be driven by the dominant wind regime in the region as the sea ice 

forms and thus provides some indication of the wind intensity for a given year. The volume of 

snow on the fast ice within the hatched transect area was highest in 2017, followed by 2011, 2016 

and 2013. 

 

3.4.5 The effects of winds on HSSW formation and transport into ice shelf cavities 

Interannual variability in the production of sea ice and HSSW in polynyas should manifest within 

ice shelf cavities. The effect of strengthening winds over the Ross Sea on ocean circulation was 

investigated using a model that coupled the ocean, sea ice and ice shelf (Dinniman et al., 2018). 

Increasing the wind strength by 20% greatly enhanced sea ice formation and the volumes of 

HSSW produced within the RSP. However, the circulation and effects of increased volumes of 

HSSW on basal melting within the cavity was not discussed in this study. Anomalously high 

southerly winds in the Weddell Sea drove unprecedented sizes of the Ronne polynya and the 

formation of a large pulse of HSSW which was observed beneath the Filchner-Ronne Ice Shelf 
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(FRIS), 600 km from the edge in February 1999, and again as a return pulse of very cold ISW in 

late 2000 (Nicholls and Østerhus, 2004).  

A numerical model to investigate how eddies generated by buoyancy loss (i.e., increasing density 

due to sea ice formation) affected HSSW transport into the FRIS cavity found that the volume of 

HSSW inflow was significantly increased with polynya size and increasing surface buoyancy 

flux (Årthun et al., 2013). Stronger buoyancy-driven circulation from HSSW formation and 

salinification of the water column was modelled to flush the FRIS cavity more rapidly, decreasing 

the residence time of HSSW, whilst increasing the temperature and basal melting within the 

cavity (Naughten et al., 2019). 

Based on the observations and discussions above, it was hypothesised that the interannual 

variability observed in the SPL in McMurdo Sound was a result of variability in wind-driven 

activity of the RSP over winter. The frequency, timing, duration and scale of polynya activity 

during winter affects sea ice formation and HSSW production. It was expected that this will 

manifest as variability in the volumes of HSSW transported into the McMurdo-Ross ice shelf 

cavity. This in turn will alter circulation and basal melting at the depths that HSSW interacts with 

the ice shelf base, forming ISW which rises from depth in buoyant plumes, becoming 

supercooled and then exiting the cavity in McMurdo Sound where it forms the SPL. 

 

3.4.6 The effects of MY ice and icebergs on ISW circulation in McMurdo Sound  

In addition to the winds, the MY ice regime that had persisted in the sound for the nine years 

prior to 2011 is likely to have contributed to the thicker SPL observed in November 2011. It was 

expected that the longer temporal persistence of MY ice will allow a thicker SPL to form. The 

breakout of the remainder of the MY ice in February 2011 enabled outflow of platelet ice that 

had accumulated in the ice shelf cavity, which was then observed beneath the FY fast ice in 

November later that year. Sea ice crystal structure cores made along the Southern transect (Figure 

3.4d) in 2011 showed that the sea ice at longitude 165.32°E, in the main outflow path of the 

supercooled ISW plume was composed of 100% platelet ice decreasing to 80%, 70% and 50% 

respectively at 11, 28 and 35 km further east (Hughes et al., 2014). This indicates that supercooled 

ISW and platelet ice were immediately present at the surface when the fast ice began to form in 

April 2011 and that the ISW plume expanded eastwards as winter progressed. 
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A model of the evolution and propagation of the ISW plume indicated that sea ice growth could 

be augmented up to 9 ± 4 cm yr-1 100 km north of the MIS margin, and that ISW influence 

could extend 200-250 km offshore (Stevens et al., 2009, Hughes et al., 2014). Thicker sea ice 

(>2 m) and SPLs (0.1-0.2 m) were observed at the northernmost sites, approximately 85 km 

from the MIS, in 2013, 2016 and 2017. In 2013, the fast ice and SPL in the northwest was 

thicker relative to 2016 and 2017, indicating a more sustained or intensive (i.e., magnitude of 

in-situ supercooling) period of ISW influence on sea ice formation. The 10 km long ‘Sliver 

Iceberg’ was not present in 2013, suggesting that the thinner fast ice and SPL in the northwest 

in 2016 and 2017 was due to the grounded iceberg forming a barrier that prevented full 

propagation of the ISW plume to the north. 

 

3.4.7 Observations in McMurdo Sound in the context of Ross Sea and sub-ice shelf circulation 

The circulation, timescales and regions of HSSW-driven ISW formation within the McMurdo-

Ross ice shelf cavity are not well known and over winter observations of ocean properties in the 

Ross Sea and the RSP are sparse (Porter et al., 2019). Therefore, much of the understanding about 

water mass modification and circulation processes on the continental shelf and within the ice 

shelf cavity has been deduced from models that are heavily weighted on summer observations 

(Arzeno et al., 2014, Holland et al., 2003) when the region is free of sea ice. Ocean models are 

limited by the accuracy of the input parameters, boundary conditions and their ability to fully 

capture circulation processes. Thus, discrepancies exist in regard to timescales, seasonality of 

water mass formation, modification and circulation, basal melt rates and source regions of ISW.  

The prevailing view is that HSSW drives basal melting and ISW formation at depth in the 

grounding zone (MacAyeal, 1984), and requires a timescale of at least several years for full 

ventilation (Smethie Jr and Jacobs, 2005). However, a recent modelling study by Tinto et al. 

(2019) indicated that HSSW circulation and basal melting could occur on much shorter 

timescales at the deep grounding lines of outlet glaciers from the Transantarctic Mountains to the 

south of Ross Island. The co-occurrence of higher frequencies of strong southerly wind events 

observed in the RSP region over winter and the relatively rapid manifestation as thicker SPLs in 

McMurdo Sound in the following late spring of 2011 and 2017 also suggests a shorter timescale 

for HSSW and ISW ventilation from the deeper cavity than most modelling studies.  
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Jendersie et al. (2018) modelled the circulation within the McMurdo-Ross ice shelf cavity to be 

weakest from March to May before intensifying continuously until November and December. 

They attributed this to increased HSSW production in the RSP and resultant inflow to the cavity 

via McMurdo Sound/Haskell Strait and a channel east of Ross Island. This model estimated that 

20% of the ISW in the RIS could be generated north of 79°S, a region that included the MIS, and 

that most of the ISW outflow in McMurdo Sound was locally sourced from the MIS and the 

nearby cavity region. This would have implications for the formation timescales of supercooled 

ISW outflowing in McMurdo Sound, which could be shallower and shorter than the deeper and 

more isolated RIS cavity to the south. 

In McMurdo Sound, ISW and supercooling are typically observed down to depths of 200 m and 

70 m, respectively (Lewis and Perkin, 1985, Robinson et al., 2014). Robinson et al. (2014) 

proposed that ISW in McMurdo Sound could be sourced east of White Island (Figure 3.1), where 

the McMurdo and Ross ice shelves merge, and the basal slope is steep (decreasing from ~200 m 

to 40 m over 60 km). The steep basal slope of the MIS between Hut Point Peninsula and Windless 

Bight (increasing from 20 m to 300 m over 30 km (McCrae, 1984)) is another potential source 

region of supercooled ISW which could have contributed to the thick SPLs observed in the Hut 

Point Peninsula region in 2011 and 2017.   

On the Southern transect in 2011, the entire water column was below its surface freezing point 

(i.e., potentially supercooled) to depths of 320 m and 500 m, and in-situ supercooled to 60 m 

below the surface at longitudes 165.32°E and 165.6°E (Hughes et al., 2014). This implies that 

the water column last interacted with the ice shelf base at equivalent or deeper depths, i.e., 500 

m, indicating a deeper source than the MIS (Robinson et al., 2014). It was thus inferred that the 

signature of supercooled ISW observed as thicker SPLs in 2011 and 2017, was a result of 

increased HSSW-driven melting in the proximal MIS region combined with ISW outflow from 

the deeper recesses of the RIS cavity to the southwest. 
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3.5 Conclusion  

Variability in the distribution and thickness of ice shelf influenced land-fast sea ice and the SPL 

was investigated in McMurdo Sound in 2011, 2013, 2016 and 2017 with single-frequency, 

ground-based electromagnetic induction (EM) and drill hole surveys. Detailed spatial variability 

was resolved in the distributions and thicknesses of sea ice and SPL, and for the first time with 

EM, temporal changes in the SPL occurring over days and weeks were detected. A pattern of 

thicker fast ice and substantial SPLs was observed in the centre of the sound, in proximity to the 

ice shelf margin, with decreasing thickness to the east and north. This agrees with prior 

observations of fast ice and SPL thicknesses, supercooling and the ISW plume in McMurdo 

Sound. 

Variability in the thicknesses of ice shelf-influenced sea ice and the SPL in late spring is a 

measure of variability in the amount of ISW and in-situ surface supercooling over winter from 

year to year. Here, evidence was provided that this in turn reflects variability in polynya activity 

and HSSW production. Interannual variability in the thickness and distribution of the SPL was 

observed with considerably thicker SPLs measured in 2011 and 2017. Fast ice formation 

throughout the winters of 2011 and 2017 was influenced by a higher frequency of strong 

southerly wind events and activity of the RSP. In contrast, lower wind conditions in 2016 led to 

mostly undisturbed sea ice growth and anomalously extensive fast ice coverage. A thinner SPL 

was observed in November 2016. Substantial and variable SPLs were detected in 2011 and 2017 

near Hut Point Peninsula, a region of exchange of water masses between the Ross Sea and the 

ice shelf cavity, which significantly were not observed in 2013 or 2016.  

It was hypothesised that the interannual variability observed in the SPL is a result of variability 

in wind-driven activity of the RSP during winter. The frequency, timing, duration and scale of 

polynya activity during winter affects sea ice formation and HSSW production, which manifests 

as variability in the volumes of HSSW transported into the McMurdo-Ross ice shelf cavity. The 

HSSW alters circulation and basal melting at the depths that it interacts with the ice shelf base, 

forming ISW which rises from depth in buoyant plumes, becoming supercooled and then exiting 

the cavity in McMurdo Sound where it forms the SPL. Additionally, the presence of multi-year 

ice and grounded icebergs influences ISW circulation and the evolution of the SPL in McMurdo 

Sound over a range of timescales. 

 



80 

 

Chapter 4  

Evolution of the sub-ice platelet layer over 

winter and with the tides in McMurdo 

Sound 

 

4.1 Introduction 

In chapter 3, the repeat EM surveys carried out near Hut Point Peninsula and the McMurdo Ice 

Shelf (MIS) in the east of McMurdo Sound detected significant variability in the thickness of the 

sub-ice platelet layer (SPL) occurring over days and weeks (refer to Section 3.3.6 and Figure 

3.6). Temporal variability in the SPL on these short timescales had never been observed before 

with electromagnetic induction (EM) techniques. Temporal variability in the thickness and 

distribution of the SPL is strongly coupled to variability in the volume, thermal properties and 

temporal persistence of supercooled ISW circulating beneath the fast ice. In this chapter, the 

investigation of interannual variability in the spatial distribution of ice shelf-influenced fast ice 

and SPL in McMurdo Sound carried out in chapter 3 was extended to a detailed EM time-series 

assessment of temporal variability in the SPL on short timescales (hours, days and weeks).  

Given the correlation of thicker and more voluminous SPLs in years with a higher frequency of 

strong southerly wind events and polynya activity in chapter 3, variability observed in the SPL 

was compared with wind activity over winter and on shorter diurnal timescales with the 

oscillation of the tides. The objective was to enhance the understanding of the processes 

influencing the formation of the SPL and the circulation of supercooled ISW in McMurdo Sound. 

It is important to note that EM provides a measurement of conductivity of the subsurface which 

is then converted to fast ice and SPL thicknesses. Without coincident oceanographic 

observations, it is only possible to infer the oceanographic processes at play beneath the fast ice 

that could be influencing the SPL. However, variability observed in the SPL is considered here 

with respect to previous oceanographic studies carried out in McMurdo Sound.  
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The circulation of supercooled ISW and the distributions of ice shelf-influenced fast ice and SPL 

have been observed in McMurdo Sound using a variety of techniques including ocean profiling 

(Barry, 1988, Barry and Dayton, 1988, Leonard et al., 2011, Lewis and Perkin, 1985, Mahoney 

et al., 2011, Robinson et al., 2014), thermistor probes (Gough et al., 2012, Purdie et al., 2017), 

ice core measurements (Dempsey et al., 2010, Gough et al., 2012), satellite altimetry (Price et 

al., 2013, Price et al., 2014), drill hole surveys (Brett et al., 2020, Price et al., 2014) and 

electromagnetic induction techniques (Brett et al., 2020, Rack et al., 2013). However, the 

majority of observations in McMurdo Sound were carried out in late spring, at the end of the fast 

ice growth season, and provided a snapshot of a fully developed supercooled ISW plume and 

SPL.  

The development of the ISW plume and supercooling over winter, and the effects on sea ice 

formation in McMurdo Sound have been investigated in previous oceanographic studies (Hunt 

et al., 2003, Leonard et al., 2011, Leonard et al., 2006, Mahoney et al., 2011). However, the 

evolution of the SPL over winter has not been well assessed nor has variability in the SPL on 

short timescales. Drill hole surveys which captured the growth of the SPL and fast ice over winter 

were carried out in Atka Bay, Queen Maud Land, Antarctica (Hoppmann et al., 2015a, 

Hoppmann et al., 2015b). However, these drill hole point measurements were made every 2-3 

weeks and no information on variability in the SPL on short-timescales was discerned. 

In this study, the temporal evolution of the SPL is monitored near the MIS over winter in the east 

of McMurdo Sound, and in the following late spring over a spring-neap tidal cycle in the main 

path of ISW outflow in the west. For the first time, an EM instrument was deployed over winter 

in Antarctica which successfully captured a unique time-series of the growth of ice shelf-

influenced fast ice and SPL. In the following late spring, the spatial distributions of ice shelf-

influenced fast ice and the SPL in McMurdo Sound were assessed with EM. High-resolution grid 

surveys of the SPL were carried out with EM to assess the spatial distribution on the small-scale 

(metres) and over the course of a spring-neap tidal cycle. The methods and results are described 

in Section 4.2 and 4.3, respectively. In Section 4.4, the results are considered with respect to the 

presence of multi-year ice, and the effects of wind patterns, polynya activity and oceanographic 

circulation in McMurdo Sound. 
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Figure 4.1. Map of the study area in McMurdo Sound, Antarctica. Spline interpolated 

distributions of a) snow depth, and the thickness of b) fast ice, c) the SPL observed in November 

2018. a) Interpolated snow depth from measurements made at field sites (pink dots) and the snow 

survey sites (green dots) carried out on the Centre transect with the multi-year ice sections 

delineated, and the locations of the EM time-series surveys at the Sea Ice Mass Balance Station 

(SIMBS) and the Western Spring-Neap (WSN) site. (b) Interpolated drill hole measured fast ice 

thickness with field sites (pink dots) and EM surveys (black dots). c) Interpolated EM measured 

SPL thickness with the locations of the Northern (77°40’S), Centre (77°46’S) and Southern 

(77°50’S) transects labelled and marked with black solid lines, and the Northwest transect (black 

dashed line). The Hut Point Peninsula region is outlined (red box). NASA Worldview MODIS 

satellite image (November 19th 2018). 
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4.2 Methods 

 

4.2.1 Drill hole Measurements 

Drill hole measurements of the thicknesses of sea ice, SPL and the snow layer were carried out 

at 14 field sites distributed over an area of ~1500 km2 of fast ice in the south of McMurdo Sound 

between the 1st and the 19th November 2018 (Figure 4.1). Four drill hole measurements were 

made at the EM31 deployment site in the Hut Point Peninsula region over winter by Scott Base 

staff. The procedures used to measure sea ice and SPL thicknesses are described in Section 2.1. 

A snow depth survey was carried out on the Centre transect with 60 measurements taken at 0.5 

metre intervals every 1 km (Figure 4.1a).  

 

4.2.2 Ground-based Electromagnetic Induction, forward modelling and inverse techniques. 

Ground-based EM surveys of ice shelf-influenced fast ice and the SPL in McMurdo Sound were 

carried out using a portable Geonics Ltd EM31-MK2 instrument. The specifications of the EM31 

instrument and the processing method for the EM data are described in Section 2.2. Sea ice and 

SPL thicknesses are simultaneously extracted from the in-phase and quadrature responses 

measured by the EM31. The method in Section 3.2.3 was applied to correct for the addition of 

the snow layer to total ice thickness.  

 

4.2.3 Assessing the spatial distributions of ice shelf-influenced fast ice and the SPL  

The spatial distributions of ice shelf-influenced fast ice and the SPL were surveyed with an EM31 

instrument mounted on a sledge and towed by skidoo. A map of the EM survey tracks and field 

sites are shown in Figure 4.1b. Geo-located EM soundings were recorded with a data-logger 

integrated with GPS at a frequency of 1 Hz resulting in a measurement every ~10 metres at 

typical skidoo travel speeds between field sites. EM soundings were made for twenty seconds 

over each of the five drill holes at field sites. Sixty-one coincident drill hole and EM 

measurements were used to calibrate the in-phase signal measured by the EM31, and to select 

the best matching forward model and SPL bulk conductivity value. EM measurements of FY and 

MY fast ice were processed separately with forward modelled SPL thickness ranges, of 0-10 m 
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and 0-15 m, respectively. The best matching SPL bulk conductivity values obtained for the FY 

and MY ice were 800 mS m-1 and 1000 mS m-1, respectively.  

A total distance of 415 km was surveyed with EM between the 1st to the 19th of November 2018, 

comprising 270 km of unique profiles and 145 km of repeated profiles. The Northern (77.667°S), 

Centre (77.767°S) and Southern (77.833°S) west-east transects (Figure 4.1c) carried out in 

Chapter 3 were fully or partially re-surveyed. The Centre transect was fully surveyed at the start 

(1st) and end (19th) of the field campaign and partially surveyed a further five times. A northeast 

transect along the longitudinal centre of the ISW plume, and the thickest mass of SPL was carried 

out on the 6th of November. The repeat EM surveys carried out in the Hut Point Peninsula region 

in 2011 and 2017 (Section 3.3.6) are additionally considered with respect to the tides and wind 

data from Scott Base and the Laurie II AWS.  

Nine Small-Scale Grid (SSG) surveys of fast ice and SPL distribution were carried out on the 4th, 

10th, 14th and 18th of November over a spring-neap tidal cycle on a 200 m2 grid beside the western 

stationary EM survey site (165.2°E, -77.767°S) (Figure 4.1a). The objective was to assess 3-

dimensional variability in the SPL over a spring-neap tidal cycle, and to ascertain if the EM31 

instrument could resolve small-scale morphological features in the draft of the SPL. The SSG 

surveys were carried out with varying grid spacing (5, 10 and 50 m) and sampling frequencies (1 

and 5 Hz). A snow survey was carried out at 5 m resolution on gridlines with 50 m spacing. A 

spline interpolated snow layer was used to correct the EM measured total ice thickness on the 

SSG. The integrated volumes and average thicknesses of sea ice and SPL within the bounds of 

the SSG over the spring-neap tidal cycle were calculated. 

 

4.2.4 EM time-series surveys of temporal variability in the SPL near McMurdo Ice Shelf 

A EM time-series survey was carried out near the MIS to assess the temporal evolution of the 

SPL over winter in 2018. The EM31 was integrated as part of the University of Otago’s Sea Ice 

Mass Balance Station (SIMBS) with the objective of monitoring the development of the land-

fast sea ice cover in McMurdo Sound. The SIMBS consisted of the EM31 instrument, a 

thermistor probe and a snow sensor. The EM31 was deployed on two-year-old MY ice in the Hut 

Point Peninsula region (166.655°E, 77.867°S) from the 8th of August to the 27th of October 2018. 

Variability in the SPL was observed over short timescales in the Hut Point Peninsula region in 
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November of 2011 and 2017 (refer to Section 3.3.6) and is an important region for the exchange 

of water masses from the Ross Sea and the McMurdo-Ross ice shelf cavity.  

The snow layer was removed and the EM31 instrument (in a weather-proof wooden box) placed 

directly on the sea ice surface. Power was supplied by a 12-volt battery. EM measurements were 

made at 10 min intervals. The EM31 was programmed to power-up for 60 seconds before 

acquiring data for an additional 60 seconds at 1 Hz. The data was recorded with air temperature 

by a Campbell Scientific data-logger and then radio-telemetered to Scott Base, and to the 

University of Otago and the University of Canterbury in New Zealand, providing near-real time 

winter sea ice measurements. Drill hole measurements of fast ice and SPL thicknesses at the 

EM31 deployment site were made every 3-4 weeks (4 in total) by Scott Base staff. An additional 

drill hole measurement was made at the site on the 19th November 2018, 23 days after the EM31 

was recovered from the SIMBS.  

The EM31 was deployed at the SIMBS for a total of 80 days (1920 hours) with 1342 hours of 

good quality data collected. The instrument operated well, except when the battery became 

depleted (<11 V) or when ambient air temperatures fell below -30°C for prolonged periods of 

time. The standard deviation of the 60 measurements made every 10 minutes was used to identify 

bad quality in-phase (I) and quadrature (Q) data, with values exceeding 20 and 10 parts per 

thousand removed, respectively. Generally, the standard deviations of both I and Q exceeded 

these values substantially when the air temperature measured by the data logger was below -

30°C. The measurements of air temperature from the Campbell Scientific data logger were 

compared with the Scott Base Electronic Weather Station (EWS) (10 km to the west) and a high 

R2 correlation of 0.94, and a temperature offset of -0.93°C was observed.  

In the following late spring (November 2018), an EM time-series survey was carried out over a 

spring-neap tidal cycle in the main path of ISW outflow on the western side of McMurdo Sound. 

This was called the Western Spring-Neap (WSN) survey (Figure 4.1a). When the EM31 was not 

employed for distribution surveys, the instrument was deployed on a sledge at a field site 

(165.2°E, -77.767°S) from the 4th to the 18th November. The WSN site was positioned at the 

southeast corner of the SSG survey, and on the Centre transect at longitude 165.2°E. The 

Campbell Scientific data-logger was configured to acquire data at 1 Hz with the same power-up 

and data acquisition period (60 seconds) as the SIMBS deployment but with a smaller sampling 

interval of 5 minutes.  
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4.2.5 Tidal height in McMurdo Sound. 

Tidal height time-series at the locations of the SIMBS and the WSN were generated using the 

2008 Circum-Antarctic Tidal Simulation model CATS2008_opt (CATS) (Padman et al., 2008) 

and corrected for ocean tide loading of the Earth’s crust using the TPXO6.2 load tide model 

(Egbert and Erofeeva, 2002). The times of the repeat EM surveys carried out in the Hut Point 

Peninsula region in 2011 and 2017, the repeat Centre transect EM surveys in 2018, and the repeat 

SSG surveys were identified on modelled tidal heights. The time-series of sea ice and SPL 

thickness from the SIMBS and the WSN were compared with tidal height time-series to 

investigate if variability in the SPL correlated with the oscillation of the tides. Tidal height was 

then discussed with respect to tidal induced current patterns previously observed in McMurdo 

Sound in section 4.4.5. 

 

4.2.6 Variability in strong southerly wind events and polynya activity 

A co-occurrence of short timescale variability in the SPL with strong southerly wind events and 

polynya activity was explored. As described in Section 3.2.4, sea ice concentration (SIC) in the 

RSP region is strongly correlated with wind speeds at the University of Wisconsin-Madison’s 

Laurie II Automatic Weather Station (AWS) on the western margin of the RIS (Figure 3.1) (Dale 

et al., 2017). Wind data from the Laurie II AWS indicated very low average daily wind speeds 

with no days exceeding 7.5 m s-1 from the end of January until the end of September 2018. 

However, significant southerly storm activity occurred in October with average daily wind 

speeds exceeding 7.5 m s-1 on 16 days. A prolonged southerly storm event occurred between the 

1st to the 10th of October with average daily wind speeds exceeding 7.5 m s-1 every day, and a 

maximum observed daily wind speed of 25 m s-1 on the 1st of October. The winds predominately 

came from the southwest (235°). Activity of both the RSP and McMurdo Sound Polynya (MSP) 

was observed in Sentinel-1 SAR images on 7 days between the 1st to the 10th of October. 

Southerly storm activity resumed between the 21st and 29th of October, with daily average wind 

speeds exceeding 7.5 m s-1 on 6 days in this time period. In November, relatively calm wind 

conditions prevailed at Laurie II with no days exceeding 7.5 m s-1. However, four days reached 

approximately 7 m s-1. Wind and temperature data were also obtained from the Scott Base EWS 

and a very similar pattern in the wind regime was observed. 
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4.3 Results 

 

4.3.1 Spatial distributions of ice shelf-influenced fast ice and the SPL from EM surveys 

The fast ice in McMurdo Sound in November 2018 consisted of a 7-15 km wide band of two-

year-old MY ice that ran parallel to the MIS in the south, with a 3-4 year old section of MY ice 

in the southwest corner, with more typical FY ice in the north (Figure 4.1a). Spline interpolated 

maps of the distributions of the snow, sea ice and SPL thickness in November 2018 are shown 

in Figure 4.1. For comparison, EM profiles and drill hole measurements of sea ice and SPL 

thickness along the Northern, Centre, and Southern transects from 2018 are shown with the same 

transects carried out in 2011, 2013, 2016 and 2017 in Figure 4.2. The spatial distributions of fast 

ice and the SPL were typical of McMurdo Sound, with thicker ice-shelf influenced sea ice and a 

very thick SPL near the MIS in the southwest, in the main region of ISW outflow. The fast ice 

and SPL thinned to the east, northeast and more gradually to the northwest. 

The snow distribution displayed in Figure 4.1a was characteristic of McMurdo Sound with more 

substantial deposition in the east and southeast, and a sparse dusting in the west (Brett et al., 

2020, Price et al., 2015, Price et al., 2019). The deepest snow of 0.38 m was measured on the 

MY ice at the SIMBS in the southeast. Snow depths in the centre of the sound were typically 

~0.10 m, decreasing to a few centimetres of snow to the west and north. The snow was often 

wind-compacted with hard horizons observed within the layer. 

The thinnest fast ice and SPL of 1.60 m and 0.06 m, respectively, were measured in drill holes at 

longitude 166°E on the Northern transect (Figure 4.2a). This thinner section of fast ice could be 

delineated on SAR imagery at the location of the MSP and was ~4-4.5 months old, 3 months 

younger than the fast ice in the west. On the partially surveyed Northern transect (Figure 4.2a), 

the sea ice and SPL measured with EM and drill holes on the western side were thicker than 

2013, and comparable to 2011, but thinned more rapidly to the east. 

The maximum FY fast ice thickness (~2.7 m) was observed with EM at longitude 165.4°E on 

the Centre transect (Figure 4.2b). The sea ice was thicker than 2011 and 2017 on the western half 

of the profile but thinner in the east than all years except 2013. The SPL along the Centre transect 

(5 m in the centre) was thick along the entire transect and comparable to 2011 and 2017. For the 

first time, the full extent of fast ice and SPL were surveyed to the western coastline with EM. 

The full width of the thickest mass of SPL (i.e., >1 m) was determined to be ~40 km.  
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Figure 4.2. Interannual variability of snow-corrected EM measured sea ice and SPL thicknesses 

and average drill hole measured sea ice and SPL thicknesses at field sites with interpolated snow 

depth (in metres) along the a) Northern (77°40’S), b), c) Centre (77°46’S), c) and Southern 

(77°50’S) west-east transects from 2011 (grey), 2013 (blue), 2016 (green), 2017 (red) (Refer to 

Chapter 3: Section 3.3.4) and 2018 (purple). For clarity, sea ice and SPL thicknesses are given in 

positive and negative ice thickness values, respectively. Snow depth is displayed with a different 

y-axis scale. The variability of the snow layer is better resolved on the Centre transect in 2016, 

2017 and 2018 as measurements were carried out at 1 km spacing. 
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Figure 4.3. Snow-corrected EM measured sea ice and SPL thicknesses with interpolated snow 

depth (in metres) along the Northwest transect carried out along the axial centre line the ISW 

plume on the 6th November 2018. Sea ice and SPL thicknesses are given in positive and negative 

ice thickness values, respectively. Snow depth is displayed with a different y-axis scale. 

 

The Southern transect was carried out on the two-year old MY fast ice in the south of McMurdo 

Sound (Figure 4.2c). The thickness of the MY ice increased from 3.34 m at the most westerly 

field site (164.8°E) to a maximum of 4.15 m in the centre (165.6°E), and decreased again towards 

the east to 3.37 m (166°E). At the SIMBS, 16 km to the southeast the thickness of the MY ice 

was 2.49 m in November 2018. The thickness of the SPL beneath the Southern transect was 

unprecedented with a maximum drill hole measured thickness of 11 m (165.6°E). The SPL 

decreased in thickness concurrently with the fast ice to the east. The SPL was thicker than 2011, 

2016, and 2-3 times the thickness of the SPL measured in November 2017. 

The Northwest transect shown in Figure 4.3 along the main axial line of the ISW plume and 

thickest SPL was carried out on the 6th of November and covered a total distance of 24 km. The 

most southern 1.5 km of this transect measured 4 m of MY ice with 11 m of SPL beneath. Under 

the FY ice, the SPL decreased linearly to the north (from ~5 m to ~2 m) over a distance of 22.5 

km. This equated to a decrease of ~0.13 m in SPL thickness every kilometre. The FY fast ice 

thickness increased from 2.5 m to 2.8 m to the north. The fast ice in the north consisted of refrozen 

floes and was relatively rough and deformed. The snow layer on this transect was thin at ~0.05m 

except between latitudes 77.72°S and 77.75°S.  

The volumes of spline interpolated drill hole (DH) and EM (DH/EM) sea ice, SPL, and the snow 

layer within the bounds of the interpolated areas in Figure 4.1 were 3.95/4.01 km3, 4.64/4.52 km3 

and 0.17 km3 respectively. 
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Figure 4.4 shows spline interpolated distributions of snow depth, snow-corrected EM-derived 

sea ice and SPL thicknesses on the small-scale grid (SSG). The snow on the SSG varied from 

zero to a few cms in the south of the grid to large and deep snow drifts of up to 0.35 m in the 

centre of the survey site. The snow drifts had a north-south orientation and had built up across a 

refrozen crack that ran west to east across the survey grid. EM surveys were sampled at 1 Hz and 

5 Hz which produced measurements every ~2.5 m and 0.3-0.4 m (depending on travel speeds 

which was kept as constant as possible). An analysis of the cross-over points of the east-west and 

north-south transect gridlines showed excellent agreement with a 5-10% relative deviation 

observed. This is within the error margin of the EM inversion as described in Irvin (2018) and 

Sections 2.2.1 and 3.2.2. The snow depth and distribution on the SSG did not change appreciably 

over the survey period.  

 

Figure 4.4. Spline interpolated distributions of a) snow depth, b) snow-corrected EM sea ice 

thickness, and c) EM SPL thickness on the Small-Scale Grid (SSG) survey at the Western Spring-

Neap (WSN) time-series survey site (red circle in southeastern corner) at longitude 165.2°E, 

latitude 77.767°S on the Centre transect. SSGs were carried out on the 14th November 2019 over 

a 200 m2 grid at 14.00 pm NZT with a sampling frequency of 5 Hz and a 50 m grid spacing, and 

over a 100 m2 grid at 18.00 pm NZT in the southeast quadrant at 5 m grid spacing. 

 

EM-derived sea ice was up to 0.30 m (~2.5 m) thinner in areas beneath deeper snow, relative to 

regions with no snow (~2.8 m). This could have resulted from the interpolated snow correction 

subtracted from the EM measured total ice thickness to obtain EM-derived sea ice thickness. 

However, EM SPL thickness (which is not corrected for the snow) had the same pattern as the 

distributions of the snow and sea ice. The SPL was thicker (up to 0.6 m) beneath thinner sea ice 
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and deeper snow. SPL thickness was also compared to uncorrected EM derived total ice thickness 

(i.e., sea ice plus the snow layer). Thinner total ice co-occurred with thicker SPLs. Thicker SPL 

generally aligned in bands with a north-south orientation and this was consistent on all nine SSG 

surveys, regardless of resolution and grid spacing. Wave structures were observed in the SPL 

draft on both north-south and east-west grid lines. Waves on east-west grid lines were more 

prominent with wavelengths of ~30-40 m and amplitudes of ~0.3-0.5 m. The north-south grid 

lines had wavelengths of ~40-50 m with smaller amplitudes of ~0.2-0.3 m. 

Integrated volumes of fast ice and SPL within the SSG boundary were calculated over the spring-

neap tidal cycle on the 4th, 10th, 14th and 18th of November, and are shown in Figure 4.5c with the 

tides. Over the 14 day survey period, the volume of sea ice within the SSG increased marginally 

by ~2.5% from 120,800 m3 to 123,700 m3. The volume of SPL increased substantially in the 

same time period by ~32%, from 151, 500 m3 to 200,000 m3. Similar patterns were observed in 

the time-series of sea ice and SPL volumes, with larger increases observed over predominately 

neap tides between the 4-10th, and the beginning of neap tides the between 14-18th, relative to 

the smaller increases observed over predominately spring tides between the 10-14th. The average 

thickness of the sea ice and SPL within the boundary of the SSG, increased by 0.06 m (2.58-2.64 

m), and by 1.03 m (3.24-4.27 m), respectively. 

 

4.3.2 Temporal evolution and variability of the SPL on the Centre transect 

In 2018, the Centre transect was fully surveyed with EM on the 1st and the 19th of November 

(Figure 4.5a) and partially surveyed a further five times. The times of the surveys are colour-

coded and displayed on a tidal curve in Figure 4.5b. EM derived sea ice and SPL showed good 

agreement with drill hole measurements (carried out between the 3rd and 19th of November). SPL 

thickness increased significantly and expanded further east between the 1st (green) and the 19th 

(magenta) of November. The survey on the 1st (green) was carried out on a rising spring tide and 

on a falling neap tide on the 19th. Over 18 days, the SPL increased by ~0.6 m in the west (i.e., 

164.8-166.0°E), and by ~1.4 m in the centre (i.e., 165.3°E and 165.6°E) where the WSN and SSG 

were located. This equates to an average daily growth rate of 0.03 m at the western end of the 

transect, and 0.08 m in the centre. The average SPL thickness between longitudes 164.8°E and 

166.4°E was 2.67 m on the 1st, and this increased by ~0.5 m to 3.20 m by the 19th November. 
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Figure 4.5. Temporal variability in the SPL on a) the Centre transect which was fully surveyed 

on the 1st (green) and the 19th (magenta) and partially surveyed on the 6th (yellow), and on the 7th 

(blue), 9th (burgundy) and 13th (red) of November. The times of the repeat Centre transects are 

colour-coded and displayed, with SSG survey times (purple circles) on b) CATS generated tidal 

amplitude. c) Integrated volumes of EM sea ice and SPL within the 200 m2 SSG surveyed at 1Hz 

in November 2018. d) Time-series of EM sea ice and SPL at the Western Spring-Neap (WSN) 

site located at 165.2°E on the Centre transect and on the south-eastern corner of the SSG. 



93 

 

The partial EM surveys provided additional information on growth rates and the evolution of the 

SPL with the tides between the 1st and 19th of November. The survey to the western coast on the 

6th (yellow) was carried out over a falling neap tide, and showed 0.4-0.6 m of SPL growth relative 

to the 1st (green). The five day period between the 1st and the 6th was dominated by neap tides. A 

day later, on a falling transitional neap to spring tide on the 7th (blue), the SPL has increased 

substantially along the transect relative to the survey on the 1st (green) and expanded further east. 

The SPL did not increase appreciably on the partial survey carried out on the 9th (burgundy) nor 

on the more extensive survey on the 13th (red) during spring tides. The consistency in the 

thickness of the EM measured sea ice in all surveys supports the interpretation of variability in 

SPL thickness over the 18 day survey period. 

 

4.3.3 Variability of the SPL at Hut Point Peninsula over short timescales  

The Hut Point Peninsula region outlined in Figure 4.1c is displayed in Figure 3.6 with the 

locations of the repeat EM transects undertaken in 2011 and 2017 in Section 3.3.6. Eight repeat 

EM transects were carried out in the region between the 18th and 29th November 2011. However, 

most of the surveys were carried out at low tide, and no correlation could be discerned with the 

oscillation of the tides. Variable SPL thicknesses of 2-3 m which increased towards the ice shelf 

were recorded along the majority of this transect. Average daily wind speeds between the 25th of 

October and the 27th November 2011 at Laurie II AWS exceeded 7.5 m s-1 on 19 days of the 34 

days. A similar pattern in the wind speed was observed at the Scott Base EWS. Activity of both 

the RSP and MSP was observed in MODIS satellite images on all 19 days except for the MSP 

on two days when McMurdo Sound was cloud-covered.  

In 2017, a SPL was observed in the Hut Point Peninsula region which varied in thickness between 

the 3rd and 21st of November (Figure 3.6d). In 2017, there were not enough repeat transects to 

discern any correlation with the oscillation of the tides. On the 3rd of November on a rising neap 

tide of 0.2 m amplitude, approximately 1 m of SPL was recorded from longitude 166.67°E to the 

ice shelf edge at Scott Base. On a low spring tide of 0.27 m amplitude on the 11th of November, 

the SPL thickness had not changed appreciably. However, an increase to 2 m of SPL was 

observed by the 21st of November on a rising spring tide of 0.45 m max amplitude equating to 

~70% increase in the SPL volume beneath this transect within 10 days. The large increases in 

SPL thickness recorded on the 21st occurred after two southerly storm events passed through the 

region which drove the formation of both the MSP and RSP between the 15-19th of November 



94 

 

2017. Strong southerly winds with daily average wind speeds greater than 7.5 m/s were observed 

at the Laurie II AWS on the RIS on five days (14-15th; 18-20th) and at the Scott Base EWS. 

Activity of the MSP and RSP was observed in both MODIS optical and Sentinel-1 SAR imagery.  

In 2018, the Hut Point Peninsula transect was surveyed twice with EM on the 1st and the 19th of 

November. EM profiles showed approximately 3 m of total ice thickness and a SPL that increased 

from 1 m to 2 m over the 2.5 km between Hut Point Peninsula and the MIS margin. The MSP 

and RSP were active between the 26th and 30th of October and 7-8th of November. The EM 

retrieved consolidated ice thickness remained mostly repeatable along all profiles suggesting that 

instrument drift was not a contributing factor to the observed changes in SPL thickness. 

 

4.3.4 EM time-series surveys of the evolution of the SPL near McMurdo Ice Shelf 

Three effects were observed in the time-series of in-phase (I) and quadrature (Q) measured with 

the EM31 instrument at the SIMBS and the WSN. The I and Q responses were influenced by a 

combination of 1) sea ice and SPL growth (and changes in the conductive properties of the SPL), 

2) the oscillation of the tides, and 3) large variations in air temperature. The effects of 1 and 2 

were of considerable interest for the understanding of the evolution of ice shelf-influenced fast 

ice and the SPL whereas 3 was an unwanted instrument effect. A quasi-linear trend was apparent 

with decreasing I and Q observed as the bulk conductivity of the subsurface decreased with 

increasing sea ice and SPL growth. The linear growth trend was most pronounced over winter at 

the SIMBS (Figure 4.6). Superimposed on the linear growth trend, small-scale variability in I 

and Q was observed which was attributed to changes in air temperature and the oscillation of the 

tides. The EM response to air temperature was too rapid to be caused by changes in sea ice 

temperature and it was therefore deduced to be an instrument effect.  

The effects of the tides on the SPL has never been recorded with EM prior to this study and is of 

significant interest in understanding the processes that influence the circulation of ISW and the 

evolution of the SPL. Tides in the region are diurnal and approximately followed an inverse 

pattern relative to the ambient air temperature.  An attempt was made to remove the temperature 

effect with the objective of quantifying the tidal influence in the residual signal. A linear de-trend 

was first applied to remove 1) the growth signal. The EM response to 2) air temperature was non-

linear, cyclical and appeared to correlate with 3) the oscillation of the tides. Both raw uncorrected 

and corrected time-series of I, Q and EM-derived sea ice and SPL thickness were obtained at the 
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SIMBS and the WSN. The magnitude of change in I, Q, and inverted SPL thickness with the 

tides was quantified to assess the tidal influence. 

 

4.3.5 Temperature effect on the EM31 measured in-phase and quadrature responses 

At the SIMBS, air temperature ranged from a minimum of -48°C on the 25th of August to 

maximum of -4°C at the end of the survey on the 26th October. Substantial decreases and 

increases in temperature occurred over short periods of time, e.g., an increase from –40°C to -

13°C was recorded over a 38 hour period. In the latter half of the survey, the temperature followed 

a quasi-diurnal pattern, with minimum and maximum temperatures, generally observed at night 

and midday, respectively. The diurnal pattern was amplified over the course of the survey period 

with increasing solar altitude and irradiation.  

Given that the tides and air temperature both followed diurnal patterns that roughly anti-

correlated for the survey period (especially October), the tidal and temperature signals were thus 

combined. Multiple approaches to separate the two signals were applied including Fast Fourier 

Transforms, Matlab T-tide analyses and multi-order polynomial fits with ineffective and 

inconsistent results. In an attempt to prevent the inclusion of a tidal signal in the linear fits of I 

and Q against air temperature, I and Q values were extracted at high spring tides (>0.2 m 

amplitude) only. I and Q values at high spring tide were then de-trended for the linear growth 

signal and plotted against temperature. However, linear fits of de-trended I and Q at high spring 

tide versus air temperature were poor and could not be used to correct for the temperature effect. 

Instead, I and Q at all points on the tidal cycle in October were de-trended for the linear growth 

signal and then plotted against temperature (Figure 4.7a and b). Linear fits contained tidal effects 

which were most apparent as outliers in the I versus temperature plot in Figure 4.7a. Excluding 

the outliers changed the slope value of the linear fit of I versus temperature from 19 to 25 ppm. 

The inability to separate the air temperature and tidal effects in the EM signal meant that the 

temperature correction would also have partially corrected for tidal effects. However, this was 

the most effective method that could be devised to correct the temperature influence on the EM31 

instrument. The linear fits to I and Q versus temperature and equations of the line should provide 

an average response across the large range of temperatures observed. The values of I apparently 

decreased by -25 ppm and Q increased by +130 ppm for every degree Celsius rise in temperature. 

The entire time-series of I and Q was corrected using the equations describing the linear fits. 
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The ratio of Q-I is specific to pairs of sea ice and SPL thicknesses (Irvin, 2018), and is affected 

by the EM31 instrument set-up, and the conductivities of the sea ice, the SPL and seawater. 

Applying separate temperature corrections to I and Q could change the Q-I ratio, and result in a 

poor forward model selection. To assess the temperature corrections applied to I and Q, the raw 

uncorrected Q-I, and corrected Q-I ratios were compared. Figure 4.6 shows a comparison of raw 

I and Q, with corrected I and Q with their respective Q-I ratios. The values were in good 

agreement with small-scale variability due to temperature effects reduced in the corrected Q-I 

time-series. No significant correlation of corrected I (R2 = 0.007) and Q (R2 = 0.008) with 

temperature was found. 

At the WSN site, the range and extremes of temperatures measured by the data-logger in late 

spring (-12 to +7°C) were much smaller. The pattern in temperature change was strongly diurnal 

in late spring and inversely correlated with tidal amplitude. A consistent pattern of decreasing 

and increasing temperatures was observed at falling and rising tides, respectively. Therefore, it 

was very difficult to determine if there was a temperature effect and to quantify its magnitude 

without including the influence of the tides. The smaller range of temperatures observed and the 

lower number of data points also produced less robust linear fits of I and Q versus temperature.  

Growth de-trended I and Q values for the entire WSN survey were plotted against temperature 

(Figure 4.7c and d). A weak linear trend was observed with low correlation with R2 values for I 

and Q of 0.32 and 0.19, respectively. For every degree Celsius rise in temperature, I apparently 

decreased by ~120 ppm (i.e., five times as much as the 25 ppm °C-1 observed at the SIMBS), and 

Q increased by 50 ppm. Instead, separate linear fits to de-trended I and Q, over each of the five 

survey intervals were applied to obtain individual corrections. The average decrease in I from the 

five individual linear fits applied was -81 ppm and an average increase in Q of +47 ppm. The 

latter correction produced a closer fit to the raw Q-I ratio (not shown) and was thus applied. 

Time-series of corrected I, Q and SPL thicknesses were then analysed for a residual tidal signal. 

Given the uncertainty of a temperature effect in the WSN time-series, raw I, Q and inverted SPL 

thickness were also analysed.  
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Figure 4.6. Temperature-corrected a) I (blue), b) Q (red), and c) respective raw (black) and 

corrected (pink) Q to I ratios. The three trends observed in the time-series of in-phase (I) and 

quadrature (Q) measured with the EM31 instrument at the SIMBS between 8th August and 27th 

October 2018 are evident: 1) growth and changes of sea ice and SPL thickness and SPL 

properties, 2) the oscillation of the tides, and 3) large variations in temperature.  
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Figure 4.7. In-phase (I) and quadrature (Q) which have been de-trended for the linear growth 

signal shown in Figure 4.6 at all points on the tidal cycle (a and b) at the Sea Ice Mass Balance 

Station in October 2018 and (c and d) at the Western Spring-Neap (WSN) survey site in the west 

from November 4th to 18th 2018 against temperature with linear fits and equations of the line. 

 

4.3.6 Time-series of sea ice and SPL thickness from EM surveys 

Over winter EM time-series survey at the Sea Ice Mass Balance Station near Hut Point Peninsula 

The five drill hole measurements of sea ice and SPL thicknesses made at the EM31 location at 

the SIMBS site are given in Table 1. The thickness of the two-year-old MY ice and the SPL on 

the first day of deployment (8th August 2018) were 1.76 m and 0.13 m, respectively, increasing 

to 2.4 m of sea ice and 1.34 m of SPL by the 19th November. This equates to a total growth of 

0.64 m of sea ice (~0.61 cm per day) and 1.21 m of SPL (~1.15 cm per day) in the Hut Point 

Peninsula region over 105 days.  
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Table 4.1. The five drill hole measurements of sea ice and SPL thicknesses and snow depths 

made at the SIMBS location with uncorrected quadrature and in-phase values. 

Date Time Quadrature 

(ppm) 

InPhase 

(ppm) 

Fast  

Ice Thickness 

(m) 

SPL 

Thickness 

(m) 

Snow 

Depth 

(m) 

8/08/2018 8:50 66889 37604 1.76 0.13 0.135 

4/09/2018 16:00 54277 29537 2.05 0.3 0.22 

20/09/2018 14:20 47073 27120 2.2 0.32 0.26 

11/10/2018 14:50 42164 22603 2.31 0.57 0.22 

19/11/2018 15:50 21745 19645 2.4 1.34 0.57 

 

The four drill hole measurements and coincident temperature-corrected I and Q responses made 

between the 8th of August and 11th October in Table 1 (snow layer not included as the EM31 was 

deployed on the sea ice surface) were used to calibrate temperature-corrected I measured by the 

EM31, and to select the best matching forward model and bulk conductivity value for the SPL 

by querying models ranging from 100 to 1500 mS m-1. A forward model with an optimum SPL 

bulk conductivity of 900 mS m-1 was selected for the corrected I and Q data. A brute force 

inversion was then applied to obtain coincident sea ice and SPL thickness values from the 900 

mS m-1 forward model for the entire corrected I and Q time-series. Additionally, the raw 

uncorrected I and Q data was processed through the EM model. The four drill hole measurements 

and coincident raw uncorrected I and Q responses were used to calibrate raw I and an optimum 

SPL bulk conductivity of 800 mS m-1 was obtained.  

The times-series of raw and corrected EM sea ice and SPL thicknesses recorded over winter at 

the SIMBS from the 8th of August to 27th October 2018 are displayed in Figure 4.8 with tidal 

amplitude and rate of change of tides, and southerly to easterly (45-270°) winds from the Scott 

Base EWS. The raw time-series of sea ice and SPL thickness matched better with drill hole 

measurements. However, the SPL needed to exceed 0.5 m in thickness before being detectable 

by the forward model. EM sea ice and SPL thicknesses obtained from the corrected drill holes, I 

and Q, were overestimated relative to drill hole measurements by ~20% and ~30%, respectively. 

However, the temperature effect was significantly reduced. The growth of the fast ice and the 

SPL was recorded in the time-series. In early October, a substantial increase in SPL thickness 

co-occurred with a very strong and prolonged southerly storm that drove the formation of the 

MSP and RSP (on at least 7 days) from the 1st to 10th of October. Short timescale variability was 

observed in the thickness of the SPL which correlated with the oscillation of the tides. 
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Figure 4.8. The times-series of a) CATs generated tidal amplitudes and rate of change of tides, 

b) raw and corrected EM sea ice and SPL thickness recorded over winter at the SIMBS near Hut 

Point Peninsula from the 8th of August to 27th October 2018 with c) southerly to easterly (45-

270°) hourly wind speeds from the Scott Base EWS. 

 

EM-derived sea ice thicknesses at the SIMBS co-varied with the thickness of the SPL beneath 

once the SPL exceeded 0.5 m. The field-measured I and Q data were plotted in the forward model 

to investigate why the EM-derived sea ice and SPL co-varied. Prior to the SPL forming, field-

measured I and Q data plotted outside the forward model and nearest to the bottom curve which 

corresponds to sea ice thickness with no SPL (0 m) (Refer to Figure 2.5). Once the SPL reached 

a thickness of ~0.5 m, I decreased and the data points moved into the forward modelled space. 

As I and Q values changed with both the tides and temperature, they oscillated between lines of 

different sea ice and SPL thicknesses. In this part of the forward model, the contour lines for 

thickness are close together, and a small change in I or Q will produce a disproportionate change 

in thickness. This is because the Q-I ratio is low when the SPL and sea ice are either very thin or 

very thick.  

 



101 

 

Western spring-neap EM time-series survey in the main path of ISW outflow 

EM-derived sea ice and SPL thicknesses at the WSN site were obtained from the in-phase 

calibration and best matching forward model and SPL bulk conductivity value (800 mS m-1) 

determined by the 61 coincident drill hole and EM measurements made on FY ice in the greater 

sound region. The WSN times-series (4-18th November 2018) of raw and corrected EM sea ice 

and SPL thicknesses are displayed in Figure 4.5d with tidal heights. The raw and corrected sea 

ice and SPL thicknesses did not differ significantly, indicating minimal to no temperature effect 

in late spring with the higher magnitude and smaller range of air temperatures. Over the 14 day 

survey period, sea ice and SPL thicknesses increased by 0.06 m and ~0.80 m, respectively. Short 

timescale variability in the thickness of the SPL correlated with the oscillation of the tides. The 

drill hole measured SPL at the site was 4.6 m directly beneath the WSN, and an average of 4.2 

m from the five drill hole measurements made at that field site. SPL thickness was more variable 

during neap tides relative to spring tides. Unlike the SIMBS time-series, EM sea ice and SPL 

thicknesses did not co-vary. This is because the SPL was thicker at ~4.6 m. The Q to I ratio was 

thus higher and occupied a region of the forward modelled space where the contour lines of total 

ice and SPL thickness are further apart. The selection of inverted thicknesses was thus more 

definitive.  

 

4.3.7 Tidal influence on the in-phase and quadrature response 

Raw and corrected EM data were analysed for tidal effects by comparing the time-series of I, Q 

and inverted SPL thicknesses with tidal range over the SIMBS and WSN surveys. The magnitude 

of change in raw and corrected I, Q and SPL thickness was quantified over rising flood (positive) 

and falling ebb (negative) spring and neap tidal ranges. It was investigated if changes in the 

conductivity of seawater or the bulk conductivity of the SPL would account for the observed 

changes in raw and corrected I and Q with the tides. The magnitude of change in raw and 

corrected I, Q and SPL thickness at the SIMBS and WSN over the tidal range of each rising 

(positive, i.e., trough to peak) and falling (negative, i.e., peak to trough) spring and neap tide are 

listed in Table 4.2 and plotted in Figure 4.9.  
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Table 4.2. The magnitude of change in raw and corrected I, Q and SPL thickness over the tidal 

range of each rising (positive, i.e., trough to peak) and falling (negative, i.e., peak to trough) tide 

in spring and neap tides at the SIMBS and WSN EM stationary survey sites.  

 SIMBS 

 

Spring Tidal Range 

SIMBS 

 

Neap Tidal Range 

 Rising + 0.7 m Falling - 0.7 m Rising + 0.2 m Falling - 0.2 m 

 Q 

(ppm) 

I 

(ppm) 

SPL 

(m) 

Q 

(ppm) 

I 

(ppm) 

SPL 

(m) 

Q 

(ppm) 

I 

(ppm) 

SPL 

(m) 

Q 

(ppm) 

I 

(ppm) 

SPL 

(m) 

Raw 

(ppm) 

-527 28 -0.15 222 -278 0.20 -259 -82 -0.02 -47 -169 0.08 

Corrected 

(ppm) 

-122 -57 -0.01 -231 -185 0.06 -162 -103 0.02 -199 -139 0.04 

 

 Western Spring-Neap 

 

Spring Tidal Range 

Western Spring-Neap 

 

Neap Tidal Range 

 Rising + 0.7 m Falling - 0.7 m Rising + 0.2 m Falling - 0.2 m 

 Q 

(ppm) 

I 

(ppm) 

SPL 

(m) 

Q 

(ppm) 

I 

(ppm) 

SPL 

(m) 

Q 

(ppm) 

I 

(ppm) 

SPL 

(m) 

Q 

(ppm) 

I 

(ppm) 

SPL 

(m) 

Raw 

(ppm) 

-325 595 -0.39 353 -811 0.50 -83 93 -0.07 111 -309 0.18 

Corrected 

(ppm) 

-153 96 -0.09 190 -333 0.20 -30 -44 0.01 68 -172 0.10 

 

Sea Ice Mass Balance Station EM time-series survey 

At the SIMBS, a higher correlation of raw Q and I with tidal range was observed with R2 values 

of 0.28 and 0.36, relative to the R2 values of 0.01 and 0.23 for temperature corrected Q and I. 

Given the low R2 values for both raw and corrected I and Q, significant scatter around the line, 

and the likelihood that the tidal signal was also partially corrected for, it was decided to consider 

the pattern of relative change in I and Q with the tides as opposed to absolute magnitudes (Figure 

4.9a and b). Corrected I and Q generally decreased (negative values) for all tidal ranges, 

indicating overall growth in ice thickness over the survey period. Raw I and Q had inverse trends, 

with decreasing I and increasing Q observed on falling tides, and a marginal increase in I and a 

substantial decrease in Q on rising tides. The magnitude of change in raw and corrected I, and 

SPL thickness was greatest on falling spring tides of -0.7 m. Rising spring tides of +0.7 m induced 

smaller decreases in corrected Q and I, respectively, and no increases in corrected SPL thickness. 

Falling neap tidal ranges of -0.2 m also induced decreases in Q and I, with apparent increases in 

raw and corrected SPL, of +0.08 m and +0.04 m, respectively. Rising neap tides with tidal ranges 

of +0.2 m induced decreases in Q and I. The raw SPL thicknesses showed a higher correlation 

with tidal range (R2=0.35) relative to the corrected SPL thicknesses (R2=0.04). Apparent 

increases in raw and corrected SPL thicknesses were observed on falling spring tides (-0.7 m), 

with average magnitudes of +0.20 m and +0.06 m, respectively. On rising tides, the SPL appeared 
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to decrease in thickness for both the raw and corrected EM data. However, the corrected SPL 

decreased marginally relative to the large apparent decreases in the raw SPL time-series.  

Western Spring-Neap EM time-series survey 

At the WSN survey site, an inverse trend was observed for the change in Q and I. Both raw and 

corrected I decreased on falling tides and increased on rising tides. In contrast, raw and corrected 

Q and SPL thickness, increased on falling tides and decreased on rising tides. Decreases in raw 

and corrected I and Q were largest at maximum falling tidal ranges during spring tides. Apparent 

increases in SPL thickness of +0.5 m and +0.2 m, from the raw and corrected EM data occurred 

on falling spring tides, respectively. However, rising spring tides induced apparent decreases in 

the SPL of -0.39 m and -0.09 m, for the raw and corrected data, respectively. 

 

 

 
 

Figure 4.9. The magnitude of change in raw and corrected I, Q and SPL thickness over the tidal 

range of each rising (positive, i.e. trough to peak) and falling (negative, i.e. peak to trough) tide 

in spring and neap tides at the SIMBS (a and b) and WSN (c and d) EM time-series survey sites. 
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Sea Ice Mass Balance Station EM time-series survey 

To investigate how variability in seawater conductivity would affect the I and Q responses for 

the conditions at the SIMBS time-series survey, and the resultant inverted SPL thickness, a three-

layer case consisting of a constant sea ice thickness of 2 m, constant SPL thicknesses of 1 and 

1.5 m, and a fixed bulk SPL conductivity of 900 mS m-1, was forward modelled for a range 

seawater conductivities from 2600-2800 mS m-1 (Figure 4.10a). The resultant I and Q value pairs 

were compared to the assumed 2700 mS m-1 seawater conductivity used in the base forward 

model.  

Increasing the seawater conductivity by 50 mS m-1 relative to the 2700 mS m-1 used in the base 

forward model for a constant sea ice thickness of 2 m and an SPL of 1 m, increased I and Q by a 

magnitude of 500 ppm and 5 ppm, respectively. I was changed by a factor of one hundred relative 

to Q. The change in modelled I and Q did not align with the magnitude and relative change in 

the observed I and Q values with rising and ebb tidal ranges. The expected small changes in 

seawater conductivity (discussed in Section 4.4.7) are thus unlikely to have contributed to the 

change in I and Q observed at the SIMBS with the tides.  

To determine if changes in the bulk conductivity of the SPL would produce the observed changes 

in I and Q, and apparent change in inverted SPL thickness, multiple forward models were run for 

a range of SPL bulk conductivity values from 700-1000 mS m-1, for a constant sea ice thickness 

of 2 m, and constant SPL thicknesses of 1 m and 1.5 m (Figure 4.10b). Increasing the SPL bulk 

conductivity by 50 mS m-1 (for a constant SPL thickness of 1 m) increased Q and I by 500 ppm. 

In the observations, corrected I and Q generally decreased together with tidal range. Lower SPL 

bulk conductivity values of 880 mS m-1and 890 mS m-1 fit the magnitude of change observed in 

corrected Q and I, especially when the SPL was 1 m thick (i.e., the thickness observed in drill 

hole measurements). However, the relative change in I and Q did not match. I and Q decreased 

by a similar amount in the models, but the observed Q decreased more than I with tidal range. 

However, this could be a result of the different temperature corrections applied to I and Q. 
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Western Spring-Neap EM time-series survey 

To investigate how variability in seawater conductivity would affect I and Q and the resultant 

SPL thickness for the conditions at the WSN time-series survey, a three-layer case consisting of 

a constant sea ice thickness of 2.7 m (i.e., 2.5 m of sea ice plus 0.2 m of snow measured at the 

EM31 deployment site), and constant SPL thicknesses of 3 and 4 m, was forward modelled for a 

fixed bulk SPL conductivity of 800 mS m-1, for a range seawater conductivities in 100 mS m-1 

increments from 2400-3000 mS m-1 (Figure 4.11a). The resultant I and Q values were then 

compared to the assumed 2700 mS m-1 seawater conductivity used in the base forward model.  

The inverse trend of opposing change in I and Q, with rising and falling tides fit the pattern of 

variable seawater conductivity, (i.e., decreasing seawater conductivity on ebb tides, and 

increasing seawater conductivity on rising tides). For ebb spring tides of -0.7 m, the magnitude 

of change in corrected I (-333 ppm) and Q (+190 ppm) would require a decrease of 150 mS m-1 

in seawater conductivity, to 2550 mS m-1 if the SPL assumed by the model was 4 m. For rising 

spring tides of +0.07 m, the magnitude of change in corrected I (+96 ppm) and Q (-153 ppm) 

would require an increase in seawater conductivity of 50-100 mS m-1, if the SPL assumed by the 

model was 4 m thick. 

To determine if variability in the bulk conductivity of the SPL would produce the observed 

changes in I and Q, and apparent change in SPL thickness, multiple forward models were run for 

range of SPL bulk conductivity values in 50 mS m-1 increments from 700-900 mS m-1, for a 

constant sea ice thickness of 2.7 m, and SPL thicknesses of 3 m and 4 m (Figure 4.11b). 

Increasing the bulk conductivity of the SPL caused simultaneous increases of similar magnitudes 

in forward modelled I and Q. Reciprocally, decreasing the SPL bulk conductivity induced 

concurrent decreases in forward modelled I and Q. Inverse changes in I and Q (i.e., I increased 

whilst Q decreased and vice versa) were observed with the tides. Variable SPL bulk conductivity 

was thus unlikely to have driven the observed changes in I and Q with tides.   
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Figure 4.10. a) To investigate how variable seawater conductivity would affect I and Q and 

resultant SPL thickness at the SIMBS site, a three-layer case consisting of constant sea ice 

thickness of 2 m, SPL thicknesses of 1 and 1.5 m, for a fixed bulk SPL conductivity of 900 mS 

m-1, was forward modelled for a range seawater conductivities from 2600 to 2800 mS m-1. b) To 

determine if changes in the bulk conductivity of the SPL would produce the observed change in 

I and Q, and apparent change in SPL thickness, multiple forward models were run for range of 

SPL bulk conductivity values in 50 mS m-1 increments from 700 to 1000 mS m-1 for a constant 

sea ice thickness of 2 m, and SPL thicknesses of 1 m and 1.5 m. 

 

   

Figure 4.11. a) To investigate how variability of seawater conductivity would affect I and Q and 

resultant SPL thickness at the WSN site, a three-layer case consisting of constant sea ice thickness 

of 2.7 m (i.e., 2.5 m of sea ice plus 0.2 m of snow measured beneath the EM31 deployment site), 

SPL thicknesses of 3 and 4 m, for a fixed bulk SPL conductivity of 800 mS m-1, for a range 

seawater conductivities in 100 mS m-1 increments from 2400 to 3000 mS m-1. b) To determine if 

changes in the bulk conductivity of the SPL would produce the observed change in I and Q, and 

apparent change in SPL thickness, multiple forward models were run for range of SPL bulk 

conductivity values in 50 mS m-1 increments b) from 700 to 900 mS m-1 for a constant sea ice 

thickness of 2.7 m, and SPL thicknesses of 3 m and 4 m. 
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4.4 Discussion 

 

4.4.1 Spatial distribution of ice shelf-influenced fast ice and the SPL 

In November 2018, the typical pattern of thicker ice shelf-influenced fast ice and SPL was 

observed in the west-centre region of McMurdo Sound, thinning to east and northeast and more 

gradually to the northwest. The full longitudinal width of the SPL on the Centre transect was 

determined to be ~40 km and to extend to the western coastline. This concurred with the 35 km 

wide ISW plume estimated from oceanographic transects carried out in late-spring of 2007 by 

Robinson et al. (2014). The thick SPL observed near the western coastline indicated that 

significant outflow of supercooled ISW was propagating along the Victoria Land coastline in 

2018. The Northwest transect shown in Figure 4.3 along the main axial line of the ISW plume 

and thickest SPL, revealed that the SPL thinned from 11 m beneath MY ice to 2 m beneath FY 

ice, 24 km to the northwest. If it is assumed that the SPL continued to decrease linearly at a rate 

of 0.13 m km-1 to the northwest (beneath the FY ice), then the northerly extent of the thickest 

mass of SPL should occur ~40 km away from the MIS. A longitudinal hydrographic profile 

collected by Hughes et al. (2014) indicated that salinity and temperature increased linearly with 

distance from the MIS, with a reciprocal linear decrease in the thickness of the supercooled ISW 

layer. The ‘Sliver berg’ was approximately 48 km from the MIS. In Section 3.4.6, the 10 km long 

iceberg was proposed to have formed a barrier preventing full propagation of the ISW plume to 

the northwest in 2016 and 2017.  

 

4.4.2 The effects of multi-year ice 

The MY ice and the SPL on the Southern transect (Figure 4.2c) were thickest in the centre at 

~165.6°E and decreased to the west and east. The snow coverage in this region of the transect 

was sparse and varied in depth from 0.04-0.09 m. The thicker MY ice and SPL were observed in 

the main region of supercooled ISW outflow from the MIS cavity and was previously observed 

in Chapter 3, and multiple studies ranging from oceanographic profiling (Hughes et al., 2014, 

Lewis and Perkin, 1985, Robinson et al., 2014) to satellite altimetry assessments of sea ice 

freeboard by Price et al. (2013), (2015), and the study in Chapter 5. The low wind conditions in 

McMurdo Sound from February 2018 onwards (when fast ice usually breaks out) could have 

favored the persistence of the fast ice from the previous year. 
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The MY ice regime contributed to the very thick SPL of 11 m observed in November 2018. The 

longer temporal persistence of MY ice will allow a thicker SPL to form. Additionally, MY ice 

will have lower conductive heat flux to the atmosphere (Gough et al., 2012). The SPL will start 

to form as soon as a negative ocean heat flux is in place in the upper water column (Mahoney et 

al., 2011). Westward of longitude 166°E on the Southern transect, the SPL in 2018 was 2-3 times 

the thickness observed in the previous November in 2017. This indicates that the outflow of 

supercooled ISW is perennial from the MIS cavity in the west of the McMurdo Sound. 

The MY ice thinned quite substantially to the east to 2.4 m (on November 19th) in the Hut Point 

Peninsula region. This highlights the different regimes in ocean circulation and the distribution 

of the snow layer, fast ice, SPL from west to east in McMurdo Sound. Deeper snow deposition 

in the east insulates the sea ice and hinders thermodynamic growth (Dempsey et al., 2010, 

Hoppmann et al., 2015a). Additionally, the SPL and the overlying fast ice would be ablated by 

variable currents in the east when warmer water masses from the RSP flow into the MIS cavity 

in summer (Mahoney et al., 2011, Robinson et al., 2010). 

The existing SPL will buffer the base of the sea ice from ocean currents (Hoppmann et al., 2015a, 

Hoppmann et al., 2015b). A study by Hoppmann et al. (2015b) in Atka Bay near the Ekström Ice 

Shelf in Queen Maud Land showed that the SPL decreased in thickness with the inflow of warm 

water masses in summer. They found that the SPL buffered the base of sea ice and prevented 

significant melting of the existing sea ice cover. In that study, underwater footage showed a 

continuous supply of suspended platelet ice crystals over winter and spring which ceased with 

the appearance of warmer water masses in December. The SPL in McMurdo Sound is 

consistently thinner in the east and would have less buffering capacity. In November 2017, a 2-

3 m thick SPL was observed in the Hut Point Peninsula region. 

 

4.4.3 Spatial distribution at the Small-scale Survey Grid 

It was investigated whether the EM31 instrument could resolve small-scale morphological 

features in the SPL draft on the SSG. A correlation of the distributions of snow depth, snow-

corrected EM sea ice thickness, and EM SPL thicknesses was observed. It is difficult to conclude 

whether the co-occurrence of deeper snow, thinner sea ice and thicker SPL was a real signal or 

an effect of the inversion, as errors in the inversion will manifest in the combined thickness of 

the total ice (i.e., sea ice plus the snow) and the SPL (Irvin, 2018). However, the insulation of 

a thicker snow layer would hinder thermodynamic growth (Hoppmann et al., 2015a). It was 
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observed that when the rate of freezing at the base of the consolidated sea ice is exceeded by 

the rate of accumulation of ice crystals from the water column, a SPL starts to form (Dempsey 

et al., 2010, Gough et al., 2012). Therefore, a SPL should form earlier beneath sea ice with 

thicker insulating snow layers. The wavelike structures in the draft in the SPL could reflect the 

snow distribution on the surface of the fast ice. The ‘waves’ appeared to align with the north-

south orientation of the snow drifts. However, the morphology of the SPL base could also be 

influenced by the predominately northerly currents in the region (Robinson et al., 2014).  

 

4.4.4 Temporal variability of the SPL with strong southerly winds 

Temporal variability in the SPL on short timescales could be driven by tidal currents or changes 

in ocean circulation forced by strong southerly winds. In 2011 and 2017, diurnal variability in 

the SPL in the Hut Point Peninsula region could not be correlated with the oscillation of the tides 

due to a limited number and timing of surveys. However, the co-occurrence of strong southerly 

wind events and polynya activity with substantial increases in SPL thickness in repeat EM 

surveys in November 2017, and the SIMBS time-series survey in November 2018 strongly 

suggested wind-driven forcing of supercooled ISW outflow from the MIS cavity. 

In Chapter 3, it was hypothesised that a higher frequency of strong southerly wind events and 

polynya activity over winter resulted in thicker SPLs in McMurdo Sound in the following late 

spring. This was proposed to have been driven by accelerated HSSW production within the RSP, 

HSSW transport into the cavity, and increased ISW formation over winter. If this was the process 

driving SPL growth in the Hut Point Peninsula region in 2017 and 2018, then a very rapid 

response of HSSW-ISW circulation within the McMurdo-Ross ice shelf cavity is suggested. An 

alternative forcing could be divergence and upwelling within the MSP as surface waters are 

advected offshore by strong southerly winds.  Upwelling could draw water out from beneath the 

fast ice and out from the ice shelf cavity. The accelerated rise of ISW from deeper in the cavity 

and decrease in pressure (Foldvik and Kvinge, 1974, Jordan et al., 2015) would promote 

supercooling and the formation of frazil ice which could then be deposited beneath adjacent fast 

ice. The mechanism for rapid increases in SPL thickness with wind forcing could not be 

determined without coincident oceanographic measurements in the Hut Point Peninsula region. 
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4.4.5 The influence of the tides on ocean circulation in McMurdo Sound 

Oceanographic observations in McMurdo Sound by Hughes et al. (2014) showed that the depth 

of in-situ supercooling in the centre and east of McMurdo Sound was greater in neap relative to 

spring tide cycles. In eastern McMurdo Sound, peak southward and northward flows were 

observed on rising and falling spring tides, respectively (Robinson et al., 2014), and as southeast 

and northwest flows (in the upper 50 m of the water column) during rising and ebb neap tides 

(Robinson et al., 2010). In western McMurdo Sound, currents at 200 m depth were consistently 

northward during neap tides, and variable during spring tides. Peak northward flow was observed 

during falling spring and neap tides, and slower suppressed northward flow during rising spring 

tides. Flows were thus predominately to the north-northwest, out from the MIS cavity, and 

aligned with the Victoria Land coastline (Robinson et al., 2014) 

Variations in current direction have been observed in the Hut Point Peninsula region with the 

tides in previous studies. Over winter oceanographic observations made at 6-8 m depth in 

proximity to Hut Point Peninsula by Leonard et al. (2006) found that falling tides generally 

produced northerly currents that were stronger and longer in duration than rising tides, when the 

current direction was observed to reverse to the south into the MIS cavity. An intrusion of 

supercooled water was recorded at a depth of 70 m in this region by Lewis and Perkin (1985), 

that shallowed over a six hour survey period to 25 m, which they attributed to tidal forcing of 

supercooled water back beneath the ice shelf. They also inferred anti-cyclonic surface circulation 

between the Erebus Glacier Tongue and the south-eastern ice shelf margin which they postulated 

would draw water from the ice shelf cavity and drive the propagation of upwelled waters along 

Hut Point Peninsula.  

 

4.4.6 Temporal evolution and variability of the SPL with the tides 

At the SIMBS and the WSN, the largest increases in SPL thickness occurred on falling tides with 

larger increases observed on falling spring tides relative to falling neap tides. However, the large 

increases in SPL thickness on falling spring tides were negated on rising spring tides when the 

SPL apparently decreased in thickness by a similar magnitude. During neap tides, net growth in 

SPL thickness was observed with larger magnitude increases on falling tides relative to the 

smaller decreases on rising neap tides.  



111 

 

The same pattern of larger increases in SPL thickness and volume over neap tides relative to 

spring tides were observed in the time-series of EM-derived sea ice and SPL thickness recorded 

at the WSN EM site, and the volumes of EM-derived sea ice and SPL beneath the SSG. On the 

Centre transect, substantial increases were observed over neap tides relative to the surveys carried 

out during spring tides on the 9th and 13th. At the SSG, the volumes of sea ice and SPL increased 

more substantially over neap tides relative to spring tides. A similar magnitude and pattern of 

EM sea ice and SPL growth was observed in the WSN time-series with the tides (Figure 4.5). 

During spring tides between the 10th and 13th of November, less variability was observed in the 

SPL at the WSN. This was reflected in the volumes of the SPL beneath the SSG, and indeed the 

repeat Centre transects on the 9th and 13th of November, where the SPL did not increase 

substantially. On neap tides, the SPL thickness was more variable beneath the WSN site, and the 

volumes beneath the SSG increased far more substantially, as did the thickness along the Centre 

transect, particularly between the 1st (green) and the 6th (blue) of November.  

Considering the observations at the WSN and SIMBS EM survey sites, the SSG and the repeat 

Centre transects together, a distinct trend emerges of SPL thickness increasing more during neap 

tides relative to spring tides, and over falling tides relative to rising tides. This trend correlates 

with the tidal current patterns observed in oceanographic studies where falling tides on both neap 

and spring tides resulted in stronger northerly currents in both the east and west of McMurdo 

Sound. Stronger northerly currents during falling tides would be circulating out from the MIS 

cavity and would thus be comprised of supercooled ISW which would drive larger magnitude 

increases in SPL thickness. The deepening of in-situ supercooling in the centre and east of 

McMurdo Sound (Hughes et al., 2014) in neap tides would also prime the water column for 

augmented SPL growth. 
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4.4.7 Potential drivers of variability in the SPL with the tides  

The properties, structure and dynamics of the SPL are inherently difficult to measure without 

disturbing its natural state and are thus not well known. The solid ice fraction, brine volume and 

salinity, brine layers/pockets and density gradients will all influence the conductive properties of 

the SPL and thus the EM measurement. The propagation of the EM primary field generated by 

the EM31 through the SPL is also difficult to quantify, and could vary significantly with spatial 

and temporal inhomogeneities in the conductive properties or structure of the layer. Without 

coincident underwater footage and oceanographic measurements of water properties and 

currents, it is very difficult to conclude why the thickness or properties of the SPL changed with 

the tides and what effect changes in the conductive properties of the SPL and the upper ocean are 

having on the EM measurement. However, here it is considered how changes in tidal currents 

could potentially affect the conductive properties of the SPL and the seawater beneath in relation 

to the EM observations: 

 

1. Seawater conductivity: salinity and temperature 

At the WSN EM time-series, the modelled seawater conductivity needed to change by 100-150 

mS m-1 to explain the observed changes in I and Q. The magnitude that the salinity of the seawater 

would need to change to produce the equivalent change in conductivity was quantified. The 

Gibbs Seawater (GSW) Oceanographic Toolbox gsw_C_from_SP function (McDougall and 

Barker, 2011) was used to convert conductivity to practical salinity. For a fixed seawater 

temperature of -1.9 °C and constant pressure of 15 decibar a change in conductivity of 100 mS 

m-1 would require a change in practical salinity of 1.4. Ranging the temperature of the seawater 

between -1.8 °C and -2.05 °C and increasing the pressure to 20 decibar had minimal effect on 

the magnitude of change in practical salinity (~Δ0.01). Based on salinity and temperature 

observations from prior studies in the region, the conductivity of the seawater is unlikely to vary 

more than ±100 mS m-1. Mahoney et al. (2011) observed an increase in salinity from 33.7-34.8 

over a 4 month period between June and September 2009 and a maximum of ~0.5 over diurnal 

timescales (estimated from Figure 4 in Mahoney et al. (2011)). A change in salinity of 1.4-2 with 

tidal currents on diurnal timescales is highly unlikely.  

 

2. Bulk conductivity of the SPL  

The SPL is an unconsolidated and porous mass of platelet ice crystals with brine-filled interstices. 

The bulk conductivity of the SPL would be changed by variability in the salinity of the brine in 
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the connected pore space or the solid ice fraction of the SPL. Ice crystal formation and consequent 

brine rejection should concurrently increase the solid ice fraction of the SPL (Dempsey et al., 

2010) (i.e., reduce the SPL bulk conductivity) and increase the salinity of the brine (Robinson et 

al., 2014) (i.e., increase the SPL bulk conductivity). Ocean profiling in the west by Robinson et 

al. (2014) revealed that platelet ice formation and growth in supercooled water drove significant 

brine rejection near the top of the water column and boundary layer instability beneath the SPL. 

Continuous supply of supercooled ISW from the ice shelf cavity would ensure that this is an 

ongoing process in the west of McMurdo Sound and a more periodic occurrence in the east with 

higher variability in current direction and water properties with the tides.  

At the WSN, changes in the forward modelled SPL bulk conductivity did not match the observed 

pattern of inverse change in raw and corrected I and Q and is unlikely to have caused the observed 

change in inverted SPL thickness. However at the SIMBS, the magnitudes of change in I and Q 

could be explained by a decrease in SPL bulk conductivity of 10-20 mS m-1, especially when the 

SPL was 1 m thick. A thinner SPL (1 m) would have less upward buoyant forcing and should be 

less consolidated. This could facilitate flooding of the interstices in the SPL with the tides and a 

higher susceptibility to changes in the SPL bulk conductivity with changing current direction. 

The currents in the Hut Point Peninsula region are known to be variable and to oscillate with the 

tides (Hunt et al., 2003, Leonard et al., 2011, Leonard et al., 2006, Lewis and Perkin, 1985, 

Mahoney et al., 2011, Robinson et al., 2010, Robinson et al., 2014) with higher outflows of 

supercooled ISW from the MIS cavity during falling tides.  

 

3. SPL thickness  

The thickness of the SPL could be driven by growth or erosion/melt or by movement of freely-

floating mobile masses of the platelet ice at the base of the SPL with changing current directions 

with the tides. However, the currents in the west of the sound are predominately northwards 

regardless of the tides (Barry and Dayton, 1988, Hughes et al., 2014, Robinson et al., 2014). 

Compression of the SPL by tidal currents could decrease the thickness. Inhomogeneities in the 

mechanical resistance of the SPL were observed beneath the WSN in 2018 and the Southern 

transect in McMurdo Sound in 2017 and in Atka Bay, Queen Maul Land, Antarctica (Hoppmann 

et al., 2015b). Robinson et al. (2014) postulated that brine concentrations could occur within the 

SPL if downward drainage was impeded. These inhomogeneities could facilitate compression or 

flooding of the SPL but would also influence the integrity of the assumed 3-horizontal layer 

model (Irvin, 2018) and the propagation of the EM field in the SPL. 
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4. Frazil ice events 

Frazil ice events refer to episodic increases in the density of frazil ice suspended in the upper 

water column. Frazil ice formation is promoted by supercooling and decreases in pressure 

(Holland and Feltham, 2005). Over winter oceanographic observations made in proximity to Hut 

Point Peninsula by Leonard et al. (2006) observed variable currents and intrusions of supercooled 

water at 10-20 m depth which could not always be directly attributed to tidal forcing. These 

intrusions occurred with episodic increases in acoustic backscatter which were likely caused by 

frazil ice suspension events. Mahoney et al. (2011) also observed episodic platelet growth on 

weighted ropes and interruptions of consolidated platelet growth in cores suggesting that the 

potential for ice growth is also episodic and contingent on threshold conditions in the properties 

of the water column beneath the sea ice. 

Frazil ice events occur with supercooled ISW outflow from the cavity which in turn is promoted 

more in falling (spring and neap) and neap tides. Neap tides drive slower tidal currents which 

could favour the deposition of the fine frazil ice suspension at the base of the SPL increasing the 

thickness. Reciprocally, stronger currents could then remove this fine frazil ice deposition and 

reduce the thickness. Video recordings of suspended platelet ice crystals and deposition beneath 

the fast ice in Atka Bay by Hoppmann et al. (2015b) indicated a continuous background flux of 

platelet ice crystals with episodic events of very high fluxes of ice crystals of ~1 hour duration. 

They observed deposition of the suspended crystals into the porous base of the SPL and then 

resuspension with turbulence and strong currents. 
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4.5 Conclusion 

Spatial and temporal variability in the distribution and thickness of ice shelf-influenced fast ice 

and the sub-ice platelet layer was investigated in McMurdo Sound in November 2018 with 

ground-based electromagnetic induction and drill hole surveys. The variability observed in the 

SPL indicated that a combination of the tides, wind-driven polynya activity and the presence of 

multi-year ice influences the circulation of ISW and consequently the evolution of the SPL over 

a range of timescales. For the first time, stationary electromagnetic induction surveys were 

carried out at a sea ice mass balance station near McMurdo Ice Shelf to assess the temporal 

evolution of the sub-ice platelet layer over winter (in 2018), and in the main path of Ice Shelf 

Water outflow in the west of McMurdo Sound over a spring-neap tidal cycle in the following 

late spring. Diurnal variability was observed in the thickness and distribution of the sub-ice 

platelet layer which correlated with the oscillation of the tides. Significant increases in SPL 

thickness occurred over the course of neap tides, and falling tides on both spring and neap cycles. 

Substantial increases in sub-ice platelet layer thickness also co-occurred with southerly wind-

events and polynya activity in the region in early spring. The relatively calm winter of 2018 was 

followed by a series of very strong and prolonged southerly storms in October, and the sub-ice 

platelet layer significantly increased in thickness during this time period. 
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Chapter 5 

Satellite altimetry assessment of ice shelf 

influenced land-fast sea ice in  

McMurdo Sound. 

 

5.1 Introduction 

The work carried out in chapters 3 and 4 provided highly detailed assessments of spatial and 

temporal variability in the distributions of ice shelf-influenced fast ice and the sub-ice platelet 

layer (SPL) in McMurdo Sound on interannual, seasonal and diurnal timescales. The thickness 

of ice-shelf influenced fast ice and the sub-ice platelet layer (SPL) in McMurdo Sound are the 

direct manifestation of the volume and temporal persistence of supercooled Ice Shelf Water 

(ISW) outflow (Gough et al., 2012, Hughes et al., 2014, Langhorne et al., 2015), and as 

indicated in Chapter 3, the larger scale atmospheric and oceanographic processes that drive 

polynya activity, HSSW production and ISW formation and circulation within an ice shelf cavity.  

As described in Section 1.5, the conditions of ice shelf geometry and sub-ice shelf circulation 

required for ISW to reach the upper surface ocean are not satisfied at all ice shelves. Regions 

where supercooled ISW has reached the upper surface ocean around the Antarctic coastline have 

been identified from a variety of proxies as described in Section 1.5. These locations occurred 

where water at 200 m depth was less than 0.5°C above the surface freezing point (Langhorne et 

al., 2015). Given the difficulty of accessing fast ice and the logistical constraints of carrying out 

field observations with ground-based methods, it is possible that many unobserved regions of 

coastal fast ice around Antarctica are influenced by the outflow of Ice Shelf Water in the upper 

ocean and the presence of platelet ice. A means to identify these regions in large-scale satellite 

assessments is highly desirable. 

The influence of supercooled Ice Shelf Water on fast ice formation can be identified by 

anomalously thicker sea ice with an incorporated platelet ice fabric and by the presence of an 

unconsolidated SPL (Langhorne et al., 2015). In addition to thicker ice-shelf influenced fast ice, 
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the buoyant forcing of the SPL increases the ice freeboard (Gough et al., 2012, Price et al., 2014). 

In the presence of a SPL, sea ice thicknesses obtained through satellite altimetry assumed to 

represent consolidated sea ice thickness are consequently overestimated (Price et al., 2014). The 

magnitude of the buoyancy effect of the SPL is dependent on the thickness of the layer and the 

solid fraction, i.e., the fraction of solid ice per unit volume (Price et al., 2014). The buoyant 

forcing of a SPL with a thickness of one metre and a solid fraction of 0.25 has been estimated to 

induce a 1-2 cm increase in freeboard height for typical First Year (FY) sea ice in McMurdo 

Sound (Gough et al., 2012).  

The detection of ISW influence on fast ice via satellite altimetry is in theory possible through the 

identification of regions with ‘anomalously’ higher freeboard driven by the thicker ice shelf-

influenced fast ice and the buoyant forcing of the SPL. However, several factors complicate the 

identification of fast ice freeboard measured by satellite altimeters, the main challenge being the 

addition of a snow layer to sea ice freeboard. Laser altimeters such as ICESat-1 and ICESat-2 

measure the surface of the snow (henceforth referred to as snow freeboard) whereas the 

microwaves emitted from radar altimeters such as CryoSat-2 penetrate into the snow layer and 

depending on the properties of the snow, backscatter from some interface between the top of the 

snow and the top of the sea ice (henceforth referred to as sea ice freeboard). However, in-situ 

ground validation measurements can greatly aid the interpretation of fast ice freeboard measured 

by satellite altimeters. As a first-step in developing a method to identify ice shelf-influenced fast 

ice on a pan-Antarctic scale, it is essential to assess and validate the capability of satellite 

altimeters to measure fast ice freeboard in coastal regions. Satellite assessments of fast ice 

freeboard have previously been carried out in McMurdo Sound with the ICESat-1 laser altimeter 

(Price et al., 2013) and the CryoSat-2 radar altimeter (Price et al., 2015, Price et al., 2019). In the 

ICESat-1 study, a peak in Multi-Year (MY) fast ice freeboard centred around longitude 165°E 

was observed in the south of McMurdo Sound between 2003 and 2009, when ocean circulation 

in the region was altered by the passage of large tabular icebergs (Robinson and Williams, 2012). 

The peak in the MY fast ice freeboard correlated with the thickest SPL and the main path of ISW 

outflow from the McMurdo Ice Shelf (MIS) cavity.  

Price et al. (2015) assessed CryoSat-2 derived freeboard of fast ice in McMurdo Sound in 2011 

and 2013 using three retrackers with differing assumptions for the dominant backscattering 

surface, including the ESA Level 2 (ESAL2) retracker employed in this study. The dominant 

backscattering surface assumed for the ESAL2 retracker is the snow-ice interface or ice 
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freeboard. The study evaluated and compared the accuracy of retrieved surface heights from each 

retracker and investigated the influence of the snow layer on the radar waveform through 

comparison with coincident in-situ measurements in McMurdo Sound. Price et al. (2015) showed 

that ESAL2 tracked in between the surface and the snow-ice interface and a later study by Price 

et al. (2019) demonstrated that CryoSat-2 derived sea ice thickness and in-situ measurements 

agreed best when the penetration depth into the snow layer surface in McMurdo Sound is 

assumed to be 0.07 m.  In a separate study, the SPL contribution to sea ice thickness in McMurdo 

Sound was quantified using surface elevation measurements obtained with the Global Navigation 

Satellite System (GNSS) (Price et al., 2014). GNSS surface elevation is similar to satellite 

altimetry obtained freeboard and was a comparable means to assess the effects of the SPL on 

freeboard to thickness conversion. Sea ice thicknesses were overestimated in McMurdo Sound 

on average by 12 % and up to 19 % from the buoyancy effect of the SPL on sea ice freeboard.  

 

This study builds on that extensive research by investigating if the CryoSat-2 (CS2) satellite radar 

altimeter is capable of detecting the influence of ISW on fast ice in McMurdo Sound by 

identifying anomalously higher ice freeboard resulting from the thicker ice shelf-influenced fast 

ice and the buoyant forcing of the SPL beneath. The multiple years of field observations 

described in chapters 3 and 4 and the highly detailed knowledge of the spatial distributions of 

snow, sea ice and SPL thicknesses positions McMurdo Sound as an ideal location to assess the 

capability of the CS2 satellite altimeter to detect ISW-induced higher freeboard. The geophysical 

corrections applied to the CS2 Level 2 (L2) Synthetic Aperture Radar Interferometric (SIN) 

product and the effects of de-trending for the geoid in McMurdo Sound were investigated. CS2 

L2 SIN surface elevation retrievals (i.e., surface height with all geophysical and geoidal 

corrections applied with respect to the WGS84 ellipsoid) were then derived over fast ice in 

McMurdo Sound in November of 2011, 2013, 2016, 2017 and 2018. CS2 freeboard was obtained 

from the surface elevation measurements by applying two separate supervised retrieval 

procedures that manually identified the reference sea surface. CS2 measurements of freeboard 

were then compared with five years of drill hole measured ice and snow freeboard, sea ice and 

SPL thicknesses, and snow depths over the fast ice in McMurdo Sound. Sea ice thickness was 

calculated from CS2 freeboard and then compared with drill hole measured sea ice and a ‘Mass 

Equivalent Thickness’ which accounts for the sea ice, the SPL and its solid fraction. The 

overestimation of CS2 obtained sea ice thicknesses in the presence of the ISW plume was 

quantified. The methods applied are described in section 5.2, followed by the results and 

discussion in Sections 5.3 and 5.4, respectively. 
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5.2 Methods 

 

5.2.1 Drill hole surveys of the distributions of fast ice, SPL, snow and freeboard 

Ground validation for the CS2 obtained freeboard was provided by the extensive drill hole 

measurements carried out at field sites on the fast ice in McMurdo Sound in November 2011, 

2013, 2016, 2017 and 2018. The spatial distributions of ice shelf-influenced fast ice, the sub-ice 

platelet layer and the snow layer in McMurdo Sound in late spring of 2011, 2013, 2016, 2017 

and 2018 obtained from the drill hole measurements used in this study and ground-based 

electromagnetic (EM) induction surveys are described in detail in Sections 3.3.3 and 4.3.1. Spline 

interpolated maps of the average snow depth, sea ice and SPL thicknesses and sea ice and snow 

freeboard at field sites were generated for each year. Coincident values for each parameter were 

then extracted for each CS2 measurement point. 

 

5.2.2 CryoSat-2 Level 2 SIN product geophysical corrections 

Satellite altimeter derived surface elevations must be corrected for the shape of the geoid, tidal 

height, inverse barometric effect and dynamic ocean topography before freeboard can be 

obtained (Price et al., 2015, Ricker et al., 2016). However, the level of accuracy required for these 

corrections is difficult to attain with models. In general, freeboard is determined relative to a 

reference local sea surface height (SSH) obtained over open water along the satellite track (Ricker 

et al., 2016, Zwally et al., 2008). 

The technical specifications of the CS2 radar altimeter satellite, and the effects of the snow layer 

on radar altimetry are described in sections 2.3.2 and 2.3.3, respectively. Geo-located Baseline-

C Level 2 (L2) SIN data generated from the ‘CryoSat-2 Ice Processor’ were used for this 

assessment. The L2 SIN data product provides a surface height relative to the WGS84 ellipsoid 

for each location along-track with geophysical corrections applied to the range measured by the 

satellite (Wingham et al., 2006, Bouzinac, 2012). The applied geophysical corrections vary 

according to surface type classification and product type (Webb and Hall, 2016). 

The fast ice region in McMurdo Sound is classified as surface type 1) open ocean. Atmospheric 

propagation and ocean corrections are applied over open ocean and are described in detail in 

Bouzinac (2012) and Webb and Hall (2016) and summarised in section 2.3.2. Additionally, the 

Mean Sea Surface (MSS) is accounted for over open ocean. The MSS is a combination of the 
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geoid and the mean dynamic topography (Ricker et al., 2014, Skourup et al., 2017). The MSS 

model applied in our study region is either the Aviso CLS01 (Webb and Hall, 2016, Bouzinac, 

2012) or CLS 2011 (Skourup et al., 2017). Corrections are also applied to account for wind speed. 

The spatial distribution and magnitude of the geophysical corrections applied to the CS2 L2 SIN 

product and the effect of de-trending for the geoid using the Earth Gravitational Model 2008 

(EGM 2008) (Pavlis et al., 2012) were assessed over ice-free open ocean between latitudes 

77.4°S and 78°S in McMurdo Sound in late summer (February to March) of 2011 to 2017. The 

date of minimum fast ice extent in late summer of each study year, and days thereafter when 

McMurdo Sound was free of sea ice were identified in EOSDIS MOderate Resolution Imaging 

Spectroradiometer (MODIS) satellite images. The CS2 L2 SIN derived sea surface with the MSS, 

and all ocean/tidal and atmospheric corrections applied was obtained without the presence of sea 

ice. Atmospheric corrections were always applied. The spatial distribution and magnitude of the 

ocean/tidal and MSS corrections were then constrained over open ocean. The following surfaces 

in the study region were compared: 

1. CS2 height with MSS and all ocean/tidal corrections applied. 

2. CS2 height with MSS removed and all ocean/tidal corrections applied. 

3. CS2 height with MSS applied and all ocean/tidal corrections removed. 

4. CS2 height with MSS removed and all ocean/tidal corrections removed. 

5. Earth Gravitational Model 2008 surface (EGM 2008). 

6. CS2 height with MSS and all ocean/tidal corrections applied and de-trended for EGM 2008 

 

5.2.3 Supervised Cryosat-2 retrieval of ISW influenced freeboard  

The knowledge attained (refer to Section 5.3.2) of the effects of the geophysical corrections 

applied to the CS2 L2 SIN product provided confidence in the CS2 freeboard obtained over fast 

ice in McMurdo Sound in November 2011, 2013, 2016, 2017 and 2018. CS2 height outliers (i.e., 

54 m≤height≤60 m) were identified and removed along individual track profiles. Surface 

elevation retrievals were then obtained by applying the MSS and all ocean/tidal corrections and 

then de-trending for the EGM 2008 geoid. A negative offset with a magnitude of ~ -2 to ~-2.5 m 

relative to the WGS84 ellipsoid was consistently observed. Two separate supervised freeboard 

retrieval procedures were applied to obtain freeboard from the L2 surface elevations by: 1) 

identifying the relative SSH manually using satellite imagery, and 2) by shifting the CS2 surface 
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elevation retrievals to spline interpolated drill hole measured sea ice and snow freeboard along-

track. 

1) Manual identification of the relative sea surface height along track using satellite imagery. 

Open water along-track was identified in MODIS optical images acquired on the day of the CS2 

overpass. The relative SSH along-track was assumed as the mean and median values of CS2 

surface elevation retrievals over 25 km of adjacent open water. CS2 surface elevations were then 

referenced relative to either the mean or median SSH to obtain CS2 ice freeboard measurements. 

CS2 ice freeboard derived relative to mean and median SSH was then compared with spline 

interpolated drill-hole measured snow and ice freeboard. The number of tracks when method 1 

provided expected freeboards was quantified. An attempt was made to characterise the state of 

the sea surface by interpreting MODIS satellite imagery and the mean and median Pulse 

Peakiness (PP) values along the 25 km ocean track.  

2) Adjusting the Cryosat-2 Level 2 SIN surface elevation retrieval to spline interpolated drill-

hole measured sea ice and snow freeboard along-track.  

For each individual track, CS2 surface elevations were plotted against coincident interpolated 

snow and ice freeboard values and linear fits were applied. Using the equation of the line, an 

offset value for the CS2 surface elevation at the fast ice edge was obtained from the coincident 

interpolated snow and ice freeboards. To determine the best-matching freeboard horizon, R2 

square values were obtained from the linear fits of CS2 surface elevation against sea ice or snow 

freeboard. The offset value at the ice edge was then added as a constant to the CS2 surface 

elevations along-track and shifted to either interpolated ice or snow freeboard. This statistical 

method was applied, rather than using the coincident CS2 surface elevation and interpolated drill 

hole freeboard at the ice edge, because of the substantial noise observed in the CS2 measurement. 

 

5.2.4 The influence of ISW on sea ice freeboard 

Sea ice freeboard height is driven by the combined upward (positive) buoyancy of the thicker sea 

ice and the SPL beneath, and the opposing downward (negative) forcing of the snow layer, if 

present. Anomalously higher freeboard results from thicker ice shelf-influenced sea ice and 

buoyancy of the SPL. A combined ‘Mass Equivalent Thickness’ (MET) was calculated to sum 
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the consolidated sea ice thickness and the unconsolidated SPL thickness times the solid fraction, 

i.e., the thickness of the solid mass of ice in the SPL according to Price et al. (2019). To 

demonstrate how ice and snow freeboard are influenced by sea ice thickness and the buoyancy 

of the SPL, linear regression analyses of sea ice and snow freeboard against MET were applied. 

The solid fraction of ice per unit volume of unconsolidated SPL determines the buoyant forcing 

of the SPL and the MET. It is difficult to physically measure the solid fraction without disturbing 

the natural state of the SPL. Numerous methods to indirectly derive the solid fraction have been 

applied including the hydrostatic equilibrium assumption (Price et al., 2014), electromagnetic 

techniques (Hunkeler et al., 2017) and thermistor probe data (Hoppmann et al., 2015a, Gough et 

al., 2012). Solid fraction values of 0.16 to 0.5 have been derived for the SPL in McMurdo Sound 

(Gough et al., 2012).  Price et al. (2014) derived a mean solid fraction of 0.16 ±0.07 for the SPL 

layer in McMurdo Sound, in November and December of 2011, using the hydrostatic equation 

and drill-hole measurements of freeboard, and the thickness of snow layer, fast ice and the SPL 

in McMurdo Sound. The solid fraction value was found to be highly dependent on uncertainties 

in sea ice density used in the hydrostatic equilibrium equation, estimates of which range from 

900-934 kg m-3 for typical FY ice in McMurdo Sound. Here, a mid-range and constant value of 

0.2 was assumed for solid fraction of the SPL each year and used to obtain MET from the drill 

hole measurements. 

 

5.2.5 Sea ice thickness from satellite altimetry measurements of freeboard 

Freeboard height (Fb) is measured relative to a reference open water surface such as leads. Sea 

ice thickness (Ti) is calculated from freeboard assuming hydrostatic equilibrium which asserts 

that the ratio of freeboard to total ice thickness is proportional the ratio of the densities of sea ice 

(ρi) and seawater (ρw) (Zwally et al., 2008). The addition of the snow layer (Ts) to freeboard 

height, the snow density (ρs), and the buoyancy effect of the sub-ice platelet layer, if present, 

must be taken into account (Price et al., 2014). The snow layer can depress the freeboard and 

result in flooding of the sea ice surface and the formation of meteoric ice (Maksym and Markus, 

2008). Surface flooding was not observed at field sites in McMurdo Sound in late-spring during 

the study period. Constant values for the density of seawater, sea ice and snow of 1027 kg m-3, 

925 kg m-3 and 385 kg m-3, respectively, were assumed to facilitate an inter-comparison between 

study years and to adhere to the rationale and error propagation in Price et al. (2014), (2015) and 

(2019). 
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CS2 ice thickness was calculated from CS2 freeboard by assuming that the dominant 

backscattering surface for the ESAL2 retracker is either 1) snow freeboard, 2) sea ice freeboard, 

or 3) some penetration depth (𝑃𝑑) into the snow layer by respectively applying equations 5.1, 

5.2 and 5.3 from Price et al. (2019). A correction for the propagation of the radar wave through 

the snow layer was applied according to Kurtz et al. (2014). 

𝑇𝑖 =  (
𝜌𝑤

𝜌𝑤−𝜌𝑖
) 𝐹𝑏 − (

𝜌𝑤−𝜌𝑠

𝜌𝑤−𝜌𝑖
) 𝑇𝑠 (5.1) 

𝑇𝑖 =  (
𝜌𝑤

𝜌𝑤−𝜌𝑖
) 𝐹𝑏 + (

𝜌𝑠

𝜌𝑤−𝜌𝑖
) 𝑇𝑠 (5.2) 

𝑇𝑖 =  (
𝜌𝑤

𝜌𝑤−𝜌𝑖
) 𝐹𝑏 − (

𝜌𝑤−𝜌𝑠

𝜌𝑤−𝜌𝑖
) 𝑇𝑠 + (

𝜌𝑤

𝜌𝑤−𝜌𝑖
) 𝑃𝑑 (5.3) 

Along-track profiles in the east and west are compared in Figure 5.6 to demonstrate that CS2 

derived ice thickness is overestimated over ice shelf-influenced fast ice with a SPL beneath. The 

magnitude that CS2 ice thickness was overestimated relative to interpolated drill hole sea ice 

thickness in regions of supercooled ISW influence was quantified. 
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Figure 5.1. Study area in McMurdo Sound in the Western Ross Sea with CryoSat-2 tracks from 

multiple years included in the analysis in Table 1 for the west (3 tracks), centre (7 tracks) and 

east (3 tracks) displayed on a map of spline interpolated sub-ice platelet layer (SPL) thickness 

obtained from drill hole measurements carried in McMurdo Sound in November 2013. 

Geographical locations include Ross Island, the Transantarctic Mountains, the McMurdo Ice 

Shelf (MIS) and the McMurdo Sound Polynya (MSP). 
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5.3 Results   

5.3.1 CryoSat-2 Level 2 SIN product geophysical corrections 

Repeating patterns in the L2 SIN product ocean corrections, MSS and CS2 height in McMurdo 

Sound were observed from year to year. The open ocean surface with MSS and ocean/tidal 

corrections removed was consistent from 2011 to 2017. The ocean/tidal corrections were small 

in magnitude (cms), and when removed introduced more small-scale (cms) variability in the sea 

surface relative to only removing the MSS. Figure 5.2 shows an along-track comparison of 

surfaces 1, 2, 5 and 6 from a CS2 track on the 17th March 2011 over open ocean and thin sea ice 

in McMurdo Sound. The flattest profiles were obtained every year from the CS2 height with the 

MSS and all ocean/tidal corrections applied (surface 1). Removing the MSS resulted in a large 

gradient in height from north to south (4 m increase over 55 km in Figure 5.2a). It was concluded 

that the geophysical corrections applied to the CS2 L2 SIN product were of good quality and 

could be applied to obtain reliable elevation retrievals. 

The residual curvature in the CS2 height consistently had the same shape and magnitude as the 

EGM 2008 geoid. De-trending the CS2 height (with all corrections applied including the MSS) 

with the EGM 2008 geoid produced the flattest along-track profiles between latitudes 77.4°S and 

78°S in McMurdo Sound. This was demonstrated in Figure 5.2b where a difference of 0.5 m in 

CS2 height was observed from north to south (over 55 km) for the de-trended and corrected 

height, relative to 2.4 metres when the MSS is removed. This pattern was consistent for the 

Baseline-C L2 SIN product across McMurdo Sound every year, over open water in late summer, 

and over the sea ice in late spring (November). This was validated with the five years of snow 

and ice freeboard measurements in the study region. Freeboard profiles obtained from the CS2 

L2 SIN product (de-trended for the EGM 2008 geoid and all corrections applied including the 

MSS) agreed and aligned with both the magnitude and trends in drill hole measured sea ice and 

snow freeboard. McMurdo Sound is flanked by complex terrain including Ross Island and the 

Transantarctic Mountains and this affects the complexity of the geoid and Cryosat-2 

measurements near the coastline, particularly in the southeast. The study region is on the 

Antarctic coastline and thus includes transition zones between multiple surface types, i.e., 

between open ocean, land and land ice. The surface type classification and corrections applied 

were frequently incorrect (i.e., open ocean was classified as Land or Land Ice; with ocean 

corrections applied to Land). This often corresponded with a sharp ~-60 m vertical decrease in 
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CS2 height, i.e., typical CS2 height in McMurdo Sound is -55 to -60 m relative to the WGS84 

ellipsoid which sharply dropped to ~-120 m. 

 

Figure 5.2. Comparison of CryoSat-2 L2 SIN product height and the effects of de-trending with 

the EGM 2008 geoid (Pavlis et al., 2012) over 55 km of open ocean in McMurdo Sound on the 

17th of March 2011. a) CS2 height with the MSS and all ocean corrections applied (red), CS2 

height with the MSS removed and all ocean corrections applied (blue), and Earth Gravitational 

Model 2008 surface (EGM 2008) (black). b) CS2 height with the MSS removed and de-trended 

for the EGM 2008 geoid (red), and CS2 height with the MSS applied and all ocean corrections 

applied and then de-trended for the EGM 2008 geoid (blue). All heights are given relative to the 

WGS84 ellipsoid. Dashed horizontal lines are included in b to highlight the different gradients 

in the profiles. 

 

 

5.3.2 Supervised Cryosat-2 retrieval of ISW influenced freeboard  

Supervised retrievals of fast ice freeboard from CS2 surface elevations were applied to 35 CS2 

tracks between latitudes 77.4°S and 78°S in McMurdo Sound over the five study years. Method 

1 was applied to 20 tracks which passed over open water, and method 2 to 32 tracks with 

coincident interpolated drill hole sea ice and snow freeboards. Both methods could be applied to 

a total of 17 tracks. In the east of the sound, where CS2 passes over or in proximity to Ross 

Island, significant noise and interference was observed in the CS2 surface elevation 

measurements. This was a consistent occurrence each study year and 50-100% of these tracks 

frequently had to be discarded as the surface elevations were erroneously high or low.  
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1) Manual identification of the relative sea surface height along track using satellite imagery. 

The mean and median SSH values obtained over open ocean along-track were 2.22 m and 2.15 

m, respectively. The median SSH consistently produced CS2 freeboard profiles that more closely 

aligned with interpolated drill hole freeboards relative to the mean value which was frequently 

skewed by substantial noise in the CS2 measurement along-track. Three CS2 tracks in the east, 

7 in the centre, and 3 in the west (Figure 5.1) produced realistic and expected freeboard relative 

to the median SSH. Consistent sea surface conditions and PP could not be correlated confidently 

with poor SSH identification. 

To select the best matching freeboard interface or penetration depth into the snow layer, the mean 

and median interpolated drill hole snow and ice freeboard, and CS2 freeboard were calculated 

for each individual track assuming the median SSH as the zero reference level (Table 5.1). To 

aid the selection of the best-matching freeboard interface, linear regression analyses were applied 

to CS2 freeboard versus interpolated snow and sea ice freeboards and R2 values were obtained. 

CS2 thickness was then calculated using either equation 5.1, 5.2 or 5.3 depending on the best-

matching freeboard interface or penetration depth determined for each individual track. CS2 ice 

thickness was compared with interpolated drill hole MET along-track to further validate and 

inform the selection of a freeboard interface. 

The sea ice surface was the dominant freeboard interface in the west and centre, except for 2011 

and 2017 which had deeper snow coverage across the sound. In the east, the best matching 

freeboard interfaces were penetration depths of 0.11 m and 0.12 m into the snow layer in 2011 

and 2018, respectively, and the snow surface in 2013. This agreed with the validation line carried 

out by Price et al. (2015) in 2013, and the range of penetration depths 0.05-0.10 m obtained in 

Price et al. (2019). The penetration depths were obtained for individual tracks only and were 

calculated by subtracting the median CS2 freeboard from the mean interpolated drill hole snow 

freeboard along-track.  

The mean interpolated drill hole sea ice and snow freeboard, and CS2 freeboard for FY fast ice 

were calculated for the 3 tracks in the west, 7 in the centre and 3 in the east (refer to Figure 5.1 

for locations) and are compared in Figure 5.3 and Table 5.1. Mean interpolated drill hole sea ice 

and snow freeboards were highest in the centre at 0.25 m and 0.35 m, respectively, and slightly 

lower in the west. In the east, the mean drill hole sea ice freeboard was 0.13 m and mean snow 

freeboard of 0.30 m. The mean CS2 freeboard most closely aligned with drill hole sea ice 
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freeboard and followed the same trend of higher freeboard in the centre, decreasing marginally 

to the west and rather significantly to the east.  

2) Adjusting the Cryosat-2 Level 2 SIN surface elevation retrieval to spline interpolated drill-

hole measured sea ice and snow freeboard along-track.  

Method 2 consistently produced robust CS2 freeboards. However, method 2 does not identify 

freeboard relative to a reference SSH as in method 1 but instead shifts the CS2 surface elevations 

to either drill hole measured snow or sea ice freeboard. R2 values from linear fits of CS2 surface 

elevation against coincident interpolated sea ice and snow freeboard were used to aid the 

selection of best-matching freeboard horizon. An example profile of CS2 freeboard and ice 

thickness obtained from method 2 in 2016 is shown in Figure 5.6g. 

 

 

Figure 5.3. Comparison of all drill hole measured sea ice and snow freeboards and CS2 freeboard 

over FY fast ice only for the 3 tracks in the west, 7 in the centre and 3 in the east with mean 

values listed in Table 1. 
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Table 5.1.  Mean drill hole measured sea ice and snow freeboards and median CS2 freeboards, 

for FY fast ice only, for individual tracks in the west, centre and east with R2 values from linear 

fits of CS2 freeboard versus drill hole measured sea ice and snow freeboard. The longitudes were 

taken where each CS2 track intersected with latitude ~77.77°S and the type of sea ice beneath 

each track is shown.  

 

 

Longitude 

 

 

CS2 Track 

 

 

(yyyymmdd) 

 

Sea 

Ice type 

a) 

Mean 

Drill Hole 

Sea Ice 

Freeboard 

(m) 

b) 

Mean 

Drill Hole 

Snow 

Freeboard 

(m) 

c) 

Median 

CryoSat-2 

Freeboard 

 

(m) 

d) 

R2 value 

Ice 

Freeboard 

 

e) 

R2 value 

Snow 

Freeboard 

  

WEST 
 

164.57 20171117 FY 0.18 0.25 0.11 0.27 0.26 

164.59 20131105 FY 0.23 0.25 0.18 0.13 0.02 

164.62 20181120 FY 0.26 0.30 0.28 0.33 0.38 

164.61 MEAN 
 

0.24 0.28 0.23 0.23 0.20 
 

 

CENTRE 
 

165.08 20131129 FY 0.28 0.29 0.37 0.37 0.37 

165.09 20111123 FY 0.26 0.34 0.19 0.21 0.17 

165.1507 20111127 FY 0.25 0.32 0.40 0.60 0.32 

165.33 20181115 FY 

MY 

0.28 0.36 0.22 0.48 0.45 

165.4288 20131103 FY 0.23 0.23 0.23 0.39 0.39 

165.44 20171115 FY 

MY 

0.23 0.35 0.38 0.67 0.62 

165.46 20181118 FY 

MY 

0.28 0.36 0.15 0.50 0.48 

165.45 MEAN 
 

0.25 0.35 0.27 0.58 0.55 
 

 

EAST 
 

165.98 20131127 FY 0.19 0.29 0.27 0.13 0.40 

165.99 20111121 FY 0.12 0.33 0.21 0.00 0.12 

166.21 20181113 FY 

MY 

0.14 0.27 0.11 0.15 0.15 

166.10 MEAN 
 

0.13 0.30 0.16 0.08 0.13 

 

 

5.3.3 The influence of Ice Shelf Water on sea ice freeboard  

Drill hole measured freeboard height correlated with the thickness distributions of sea ice, SPL 

and their combined MET, with both higher sea ice and snow freeboards observed in the central-

western region of the sound in the main path of ISW outflow. Linear fits of the five years of drill 
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hole measured fast ice thickness against SPL thickness showed that sea ice is on average ~0.13 

m thicker and sea ice freeboard is 0.03 m higher for every metre of SPL present beneath. The 

snow distribution in the centre, west and northwest of the sound where the influence of ISW is 

most pronounced, ranged from a sparse coverage to typical depths of 0.10 m.  

Figure 5.4 shows a comparison of drill hole measured sea ice and snow freeboards, and CS2 

freeboards (from 5 tracks in the centre of the sound) from each study year with drill hole MET 

along-track. For 2016, it was necessary to use method 2 to obtain CS2 freeboard because open 

water was ~150 km away. However, sea ice freeboard was confidently assumed from the higher 

R2  value and the sparse snow coverage observed in 2016. Drill hole measured sea ice and snow 

freeboard, and CS2 measured freeboard all increased with MET, with very similar trends and 

slope values for the linear fits with medium to high R2 values observed. 

For the range of METs observed (1.5-4.5 m), the magnitudes of sea ice, snow and CS2 freeboard 

were in close agreement and followed very similar trends with increasing MET, i.e. slope of 

linear fits. The slope values of linear fits to the CS2 freeboard obtained over the tracks in the west 

against increasing MET agreed with the slope values of both ice and snow freeboard from drill 

hole measurements (except for 2011 (grey) and 2017 (red)) and indicated that for every metre 

increase in MET, freeboard increases by an average of 0.10 m for ice, 0.09 m for snow and by 

0.12 m for CS2 freeboards. The high slope values for 2011 and 2017 were excluded when 

calculating the mean slope value for CS2 freeboard. In 2011 and 2017, deeper and more wind-

compacted snow and thicker SPLs relative to other years were observed in the west. The thicker 

SPL and deeper snow could have contributed to the higher freeboard along this track. However, 

the trend of increasing CS2 freeboard towards the MIS was still evident in Figures 5.4c and 5.5.  

Figure 5.5 shows an example profile of spline interpolated drill hole measured sea ice and snow 

freeboards, and sea ice, SPL and Mass Equivalent Thickness (MET) (negative axis) in the centre 

of the sound with CS2 freeboard from an overpass on the 15th November 2017. CS2 freeboard 

increased towards the ice shelf with increasing sea ice and SPL thicknesses and combined MET.  
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Figure 5.4. Drill hole measured a) sea ice and b) snow freeboard for 2011, 2013, 2016, 2017 and 

2018 plotted against drill hole Mass Equivalent Thickness (MET), i.e., the sum of the solid sea 

ice thickness plus the SPL thickness times the solid fraction (constant value of 0.20 assumed). c) 

CS2 freeboard plotted against spline interpolated drill hole Mass Equivalent Thickness (MET) 

for tracks in centre in 2013, 2016, 2017 and 2018 shown in Figure 5.1. 
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Figure 5.5. Spline interpolated drill hole measured sea ice and snow freeboard, and sea ice, SPL 

and Mass Equivalent Thickness (MET) relative to the zero level reference sea surface from 

November 2017 with CS2 derived freeboard on the 15th November 2017. 

 

5.3.4 Sea ice thickness from satellite altimetry measurements of freeboard 

Along-track profiles of CS2 freeboard and CS2 ice thickness are compared in the centre and east 

with interpolated drill hole measurements for 2011, 2013 and 2018 in Figure 5.6. Two additional 

tracks in the centre are also shown for 2016 and 2017 in Figures 5.6g and h, respectively. CS2 

freeboards for all tracks were obtained relative to median SSH (except in 2016). Linear fits to 

CS2 ice thicknesses are shown with interpolated drill hole sea ice and SPL thicknesses, MET, 

and sea ice and snow freeboard. The linear fits applied to CS2 ice thickness show distinct 

increasing trends towards the ice shelf in the centre for all years, relative to the east which had 

flat to marginal gradients in CS2 ice thickness towards the south. The linear fits were only applied 

to CS2 ice thickness over FY ice and did not include MY ice to prevent any bias in the trends.  

In the centre, the yearly trends of CS2 freeboard and ice thickness were positive and increase 

concurrently with increasing sea ice and SPL thicknesses and combined MET towards the ice 

shelf in the south. In 2011 and 2017, CS2 freeboard was higher in the centre and this could be 

attributed to the deeper and more wind-compacted snow (Price et al., 2015), and substantially 

thicker SPLs observed in these years as described in section 3.3.2. In the east, CS2 freeboard and 

ice thickness showed a marginal increase in 2013 (blue) towards the ice shelf and almost flat 

profiles in 2011 (grey) and 2018 (magenta). 
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In 2013, the CS2 track in the centre on the 3rd of November had minimal snow coverage and best 

matched with ice freeboard. The CS2 track in the east on the 27th November 2013 had deeper 

snow and best matched with snow freeboard. The drill hole measurements made every kilometre 

on the validation line in Price et al. (2015) along the CS2 track in the east on the 27th November 

2013 are shown in the profile. The increasing trend is evident in both the CS2 freeboard and CS2 

ice thickness on the central profile when compared to the eastern profile, most markedly over a 

MY ice section in the southwest of the sound in 2013 (-77.85°S to -77.87°Sin Figure 5.6c). No 

drill hole measurements were made on the MY ice section in November 2013. However, the MY 

ice had persisted from 2011 and had experienced three growth seasons. From prior measurements 

made on two year old MY ice in the same region in section 4.3.1, a consolidated sea ice thickness 

of 5 to 6 m would be expected. In 2013, CS2 ice thickness in the centre was overestimated by 

10-20 % relative to drill hole sea ice thicknesses. 

To assess the spatial distribution of the anomalously higher satellite altimeter obtained freeboard 

and resultant thicker ice, CS2 freeboard and ice thickness from 4 tracks distributed across 

McMurdo Sound in 2013 were spline interpolated. To circumvent substantial noise in CS2 

freeboard and ice thickness, a running mean of three measurements (corresponding to ~1 km) 

was applied along track prior to interpolating. Figure 5.7 shows the resultant maps of the 

interpolated distributions of CS2 freeboard, CS2 ice thickness and drill hole MET in McMurdo 

Sound. CS2 freeboard height correlated with the thickness distributions of sea ice, SPL and 

combined MET with higher freeboards observed in the centre-west region of the sound in the 

main path of ISW outflow. The trend of increasing freeboard towards the MIS in the west is 

clearly evident, as is the influence of the snow in the east. The CS2 ice thickness depicts a clearer 

picture of anomalous thicker ice in the region of the ISW plume in McMurdo Sound which 

concurs with the distribution of thicker ice-shelf influenced sea ice and SPL (Figure 5.1) and 

combined MET in McMurdo Sound observed with drill holes. 

 

Figure 5.6. (overleaf) Comparison of along-track profiles of CS2 obtained freeboard and CS2 

ice thickness in the centre (a, c, e, g and h) and east (b, d, and f). CS2 freeboards for all tracks 

were obtained relative to median SSH except in 2016 (g). Linear fits to CS2 ice thicknesses are 

shown with interpolated drill hole sea ice and SPL thicknesses, combined MET and sea ice and 

snow freeboard. The linear fits were applied to CS2 ice thickness derived over FY ice only and 

did not include MY ice to prevent any bias in the trends. A drill hole validation line was carried 

on along the eastern CS2 track on the 27th November 2013 by (Price et al., 2015) and thus drill 

hole measured snow and sea ice freeboard, sea ice and SPL thickness, and drill hole MET are 

included in d. 
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Figure 5.7. CS2 ice freeboard was higher and CS2 ice thickness greater where supercooled ISW 

outflows in McMurdo Sound. Spline interpolated maps of the distributions of a) drill hole MET, 

b) CS2 freeboard, and c) CS2 ice thickness from 4 tracks over FY fast ice in November 2013. A 

running mean of three CS2 freeboard and ice thickness measurements was applied. 
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5.4 Discussion 

5.4.1 CryoSat-2 Level 2 SIN product geophysical corrections  

The proximity of fast ice to the coastline introduces complications for surface elevation retrievals 

from satellite altimetry, including increased complexity in the shape of the geoid due to the 

gravitational pull of the continental landmass and ice sheets, and tidal dynamics as the tides 

interact with the coastline and shallow bathymetry on the continental shelves. These factors are 

particularly relevant in McMurdo Sound. The complex mountainous terrain in the east and west 

and the ice shelf to the south affect the shape of the geoid. Snagging was observed at transitions 

between open ocean and the fast ice edge, FY to MY ice boundaries, and between the fast ice 

and the MIS. 

In the east of the sound, where CS2 passes over or in proximity to Ross Island, significant noise 

and interference was observed in the CS2 surface elevation measurements. This was a consistent 

occurrence every study year and frequently half or entire tracks had to be discarded as surface 

elevation was erroneously high or low. Additionally, McMurdo Sound is on the boundary of 

multiple surface type masks for the CS2 L2 product including Land, Land Ice and Open Ocean 

and this affects the geophysical corrections applied. The surface type classification and 

corresponding corrections applied were frequently incorrect. 

The flattest profiles were obtained every year from the CS2 height, with the MSS and all ocean 

corrections applied, and then de-trended for the EGM 2008 geoid between latitude 77.4°S and 

78°S in McMurdo Sound. The MSS model applied in the study region could not be clarified and 

very limited information was available on models. It was thus unknown why the CS2 L2 SIN 

product with atmospheric, ocean corrections, and the MSS applied produces the flattest profiles 

when de-trended for the EGM 2008 geoid. This indicates that the geoid is de-trended for twice, 

once with the MSS correction and then once again with the EGM 2008 geoid. 

Five years of field measurements over fast ice in late spring provided validation and confidence 

in the CS2 L2 product and associated geophysical corrections. Additionally, freeboard was 

obtained relative to a SSH measured along-track and the distance to open water did not exceed 

~25km in all study years except 2016. If the retrieval of the relative SSH is robust, then the 

geophysical corrections should not have a major impact on obtained freeboard (Ricker et al., 

2016). 
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5.4.2 Supervised Cryosat-2 retrieval of ISW influenced fast ice freeboard  

In method 1, the median SSH consistently produced CS2 freeboards that more closely aligned 

with interpolated drill hole freeboards relative to the mean value which was skewed by substantial 

noise in the CS2 measurement. Thirteen out of 20 (65%) of tracks which passed over open water 

produced expected freeboard relative to the median SSH. CS2 freeboard obtained relative to the 

median SSH generally had expected magnitudes for McMurdo Sound. However, CS2 freeboard 

was underestimated relative to interpolated and drill hole measurements on several tracks 

particularly in the west. Consistent sea surface conditions or pulse peakiness could not be 

confidently correlated with poor relative SSH identification. 

The best-matching freeboard horizon to apply in the ice thickness equations for method 1 was 

selected in consideration of the following three factors: 1) R2 values of CS2 freeboard relative to 

the median SSH against coincident interpolated sea ice and snow freeboard values, 2) comparison 

of the median CS2, and mean interpolated drill hole sea ice and snow freeboards for each 

individual track, and 3) comparison and validation of resultant CS2 ice thickness with 

interpolated drill hole MET along-track. 

In the west and centre, the sea ice surface was the dominant freeboard interface, except for 2011 

and 2017 which had deeper and more wind-compacted snow coverage across the sound. In the 

east, the best matching freeboard horizons were penetration depths of 0.11-0.12 m, or the snow 

surface. This reflects the distribution and composition of the snow which was deeper and more 

wind-compacted in the east in all years. The mid-depth penetration into the snow layer in 2011 

(0.11 m) and 2018 (0.12 m) agreed with the ESAL2 backscattering horizon in Price et al. (2015) 

and the range of penetration depth of 0.05-0.10 m obtained across the sound by Price et al. (2019) 

in 2011.  

The distribution of freeboard height from west to east across the sound for drill hole sea ice and 

snow freeboard, and CS2 freeboard matched with the distribution of the supercooled ISW plume 

(Hughes et al., 2014, Lewis and Perkin, 1985, Robinson et al., 2014) with higher freeboards in 

the centre, decreasing marginally to the west and more significantly to the east. The mean CS2 

freeboard from west to east across the sound most closely aligned with drill hole sea ice freeboard 

and followed the same trend of higher freeboard in the centre, decreasing marginally to the west 

and rather significantly to the east. CS2 conclusively detected the anomalously higher freeboard 

produced by the thicker ice shelf-influenced fast ice and SPL in the centre of the sound over the 
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main path of supercooled ISW outflow. This freeboard anomaly centred at longitude ~165°E was 

also observed in McMurdo Sound by Price et al. (2013) with IceSAT-1 over MY ice.  

Method 2 consistently produced expected CS2 freeboard. However, this does not identify true 

freeboard as in method 1 but instead shifts the CS2 surface elevations to the best matching snow 

or sea ice freeboard determined from R2 values. The method is advantageous in that it can be 

applied to tracks with coincident drill hole measurements or interpolated values but without open 

water nearby, e.g. the fast ice edge was 150 km away in 2016.  

For both methods 1 and 2, the comparisons with spline interpolated drill hole snow and ice 

freeboard are only as good as the quality of the interpolation which cannot capture the small scale 

variability given that drill hole measurements were 1-10 km apart. However, it was expected that 

the interpolations will represent the smooth gradients in ice and snow freeboard generally 

observed in McMurdo Sound well enough on the largescale to facilitate comparison with the CS2 

footprint and to obtain a correction for the offset observed in CS2 surface elevation. 

 

5.4.3 The influence of ISW on sea ice freeboard 

The thicker ice shelf-influenced fast ice and SPL are both manifestations of the outflow of 

supercooled ISW from the MIS cavity in McMurdo Sound (Dempsey et al., 2010, Gough et al., 

2012, Hughes et al., 2014, Langhorne et al., 2015) and they both increase in thickness 

concurrently towards the ice shelf. The distributions of sea ice and SPL thickness correlated with 

freeboard height with thicker sea ice and SPL, producing higher freeboards in the centre-west of 

the sound in the main path of ISW outflow. The thickness and freeboard distributions were 

consistently concurrent from year to year.  

Assuming a constant value of 0.20 for the solid fraction across the sound every year will manifest 

as variability in the MET and produce overestimates if the solid fraction is lower and vice versa. 

The solid fraction of ice per unit volume of the SPL determines the magnitude of the buoyant 

forcing. It is unlikely that the composition of the SPL is uniform in distribution or in time across 

the sound, and this was indicated in the electromagnetic induction time-series surveys in Chapter 

4 (Section 4.3.6). A thicker SPL will have a greater buoyant forcing, and density gradients within 

the layer could result, with compacted and denser SPL towards the sea ice base. Inhomogeneities 
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in the mechanical resistance of the SPL were observed in vertical profiling with weighted bar 

tapes in Chapters 3 and 4, and in Atka Bay (Hoppmann et al., 2015a, Hoppmann et al., 2015b). 

For the range of MET observed (1.5 m to 4.5 m), the magnitudes, trends in linear fits and slope 

values were very similar for yearly drill sea ice, snow and CS2 freeboards against MET with 

medium to high R2 values observed. The variability in the slopes of linear fits to CS2 ice 

freeboards against drill hole MET observed in the centre in Figure 5.4c could be attributed partly 

to the effects of snow depth variability, using a constant solid fraction value, and poor SSH 

identification. It is important to note that sea ice freeboard will be depressed by the overlying 

snow layer, if present, and is not accounted for in Figure 5.4a. However, the similarity in the 

magnitudes and trends for drill hole sea ice and snow freeboard, and CS2 freeboard demonstrated 

that the CS2 measured freeboard is representative of typical freeboard heights for the range of 

METs observed in McMurdo Sound each year. 

 

5.4.4 Sea ice thickness from satellite altimetry measurements of freeboard  

The freeboard to thickness conversion will be affected by applying constant values for the density 

of sea ice, snow and seawater, the identification of relative SSH along-track, and the assumed 

freeboard. An error propagation analysis of the effects of the density values of sea ice, snow and 

seawater in the hydrostatic equilibrium equation was carried by Price et al. (2014) and (2013). It 

was found that the assumed freeboard interface contributed the greatest error in the derived 

thickness. Identifying the relative SSH along-track is complicated by interference and noise 

introduced by sea surface conditions and the presence of pack ice. To circumvent any bias in the 

assessments of ISW influenced freeboard, only tracks that produced freeboards that agreed with 

the interpolated drill hole freeboards were used. However, for automated freeboard retrievals and 

for regions of coastal sea ice without in-situ measurements, a poor SSH identification would 

introduce significant error and biases in the CS2 derived freeboard. 

The assumed freeboard interface and corresponding equation used will have a significant effect 

on the sea ice thickness obtained. Assuming sea ice freeboard will cause an overestimate in 

calculated ice thickness if full penetration of the radar wave into the snow layer does not occur. 

Reciprocally, sea ice thickness will be underestimated if snow freeboard is assumed and full or 

partial penetration of the radar wave into the snow layer occurs. Price et al. (2019) found that the 

sea ice thicknesses in McMurdo Sound obtained by either assuming snow or ice freeboard, using 
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equations 5.1 and 5.2, respectively, would produce a difference in thickness of 1.7 m. This was 

an important consideration when assessing and comparing trends in CS2 obtained ice thicknesses 

from the east and the centre of McMurdo Sound. In McMurdo Sound, the fast ice in the east 

generally had deeper, more densely-packed, wind-scoured snow and a thin SPL, relative to the 

centre and west, where the snow in all years was sparse and loosely packed and where full 

penetration of the radar wave would be expected. 

The contrasting distributions in the snow and thicker ISW influenced fast ice and SPL from east 

to west aided the comparison of freeboard. There was confidence the trends of higher CS2 

freeboard and thicker CS2 sea ice thickness observed in the centre relative to the east, were not 

a result of the addition of the snow layer which will have more of an effect in the east. However, 

the penetration depth of radar waves into snow layer is dependent on the backscattering properties 

of the snow (Kwok, 2014, Price et al., 2015) and likely varies on the large scale with 

meteorological conditions over winter from year to year and in the small-scale along-track. 

In the centre, the yearly trends of CS2 freeboard and ice thickness were positive, and increased 

concurrently with increasing sea ice and SPL thicknesses and combined MET towards the ice 

shelf in the south. The increasing trend is evident in both CS2 freeboard and CS2 ice thickness 

on all the central profiles when compared to all of the eastern profiles, most markedly over a MY 

ice section in the southwest of the sound in 2013 (77.85°S - 77.87°S in Figure 5.6c). The three 

year old MY ice which had persisted from 2011 was expected to have a consolidated sea ice 

thickness of 5 to 6 m, which assuming a solid fraction of 0.20 for the SPL would equate to 15-

20 m of SPL beneath the MY ice. This agrees with the substantially thicker SPLs measured 

beneath MY ice in McMurdo Sound in 2011 (10 m) and 2018 (11 m) described in Sections 3.3.3 

and 4.3.1. In 2013, CS2 ice thickness was overestimated by a 10-20% in the centre relative to 

drill hole measured sea ice thickness. This agrees with the 12-19 % overestimation in sea ice 

thickness with SPL buoyant forcing previously found by Price et al. (2014) in McMurdo Sound.  

Most conclusively, the spatial distribution of anomalously higher CS2 obtained freeboard and 

thicker ice concurred with the distributions of thicker ice-shelf influenced sea ice and SPL which 

are driven by the outflow of supercooled ISW in McMurdo Sound (Robinson et al., 2014). 

Freeboard height correlated with the thickness distributions of sea ice, SPL and combined MET 

with higher freeboards observed in the centre-west region of the sound in the main path of ISW 

outflow. The trend of increasing freeboard towards the MIS in the centre was clearly evident, as 

is the influence of the snow in the east. 
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5.5 Conclusion 

The outflow of supercooled Ice Shelf Water from the conjoined McMurdo-Ross ice shelf cavity 

drives accelerated sea ice formation, increased sea ice thicknesses and the formation of a porous 

sub-ice platelet layer in McMurdo Sound. A consistent pattern of thicker ice shelf-influenced fast 

ice with a substantial sub-ice platelet layer beneath is observed in the central-western region of 

the sound. The thicker sea ice and the buoyant forcing of the sub-ice platelet layer cause 

anomalously higher ice freeboard.  

Here, it was investigated if the CryoSat-2 satellite altimeter is capable of detecting the influence 

of supercooled Ice Shelf Water on fast ice in McMurdo Sound by identifying anomalously higher 

ice freeboard. The geophysical corrections applied to the CryoSat-2 Level 2 SIN product and the 

effects of de-trending for the geoid over ice-free open water in McMurdo Sound were first 

assessed over open water in late summer of 2011 to 2017. The knowledge and confidence 

attained in the geophysical corrections was used to derive surface elevation retrievals from 

Cryosat-2 Level 2 SIN product using the European Space Agency’s Level 2 retracker over fast 

ice in McMurdo Sound in November of 2011, 2013, 2016, 2017 and 2018. Several important 

factors complicate the identification of fast ice freeboard measured by satellite altimeters 

including inadequate knowledge of the snow layer in Antarctica, lack of adjacent open water 

nearby, the identification of a relative sea surface height and inaccuracies in the modelled 

geophysical corrections and geoid surface. 

CryoSat-2 ice freeboard was obtained from the surface elevation measurements by applying two 

separate supervised retrieval procedures: 1) manually identifying the relative sea surface height 

along-track in satellite imagery, and 2) shifting the surface elevation retrievals to drill hole 

measured sea ice and snow freeboard. CryoSat-2 ice freeboard was then compared to five years 

of drill hole measured ice and snow freeboard, sea ice and SPL thicknesses, and snow layer 

depths on the fast ice in McMurdo Sound.  

In the centre, increasing trends in CryoSat-2 obtained freeboard and ice thickness were observed 

with increasing fast ice and SPL thicknesses towards the McMurdo Ice Shelf every year. The 

thinner and generally non-compacted snow layer in the centre, west and northwest where ISW is 

most pronounced greatly aided the assessment of ice shelf-influenced freeboard with CryoSat-2, 

as it reduced the complications and uncertainties of penetration depth into the snow layer and 

interpretation of the assumed backscattering/freeboard interface.  
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The spatial distribution of anomalously higher CryoSat-2 derived ice freeboard correlated with 

the distribution of thicker ice shelf-influenced sea ice and the SPL in late spring every year. Sea 

ice thicknesses calculated from the CS2 freeboard were overestimated by 10-20% over thicker 

ice shelf-influenced sea ice and SPL. It was concluded that the CryoSat-2 radar altimeter is indeed 

capable of detecting freeboard anomalies driven by supercooled Ice Shelf Water outflow in 

McMurdo Sound and is a practicable tool for identifying regions of Ice Shelf Water outflow 

around the Antarctic coastline. As previously stated, it is possible that many unobserved regions 

of coastal sea ice around Antarctica are influenced by the outflow of Ice Shelf Water in the upper 

ocean and the presence of platelet ice. This proof-of-concept study clearly demonstrates that it is 

possible to go beyond theory and move into practice to identify regions of fast ice that are being 

influenced by the outflow of ISW in the upper surface ocean in large-scale satellite assessments.  
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Chapter 6  

Synthesis and Conclusions 

6.1 Research Summary and Outlook 

This PhD research aimed to enhance the understanding of the interactions between sea ice and 

ice shelves in the Southern Ocean and to progress the current knowledge of ice shelf-influenced 

fast ice in Antarctica using a combined approach that builds in spatial and temporal scales from 

in-situ measurements, to electromagnetic induction and satellite altimetry techniques. The 

research was carried out on ice shelf-influenced fast ice in McMurdo Sound in the western Ross 

Sea, Antarctica. Five years of late spring in-situ field measurements, ground-based 

electromagnetic induction surveys and satellite altimetry surface elevation retrievals were used 

to assess spatial and temporal variability in ice shelf-influenced fast ice and sub-ice platelet layers 

on interannual and diurnal timescales. The key findings and impact of the research chapters in 

this study on of interactions between an Antarctic ice shelf and land-fast sea ice are described in 

this synthesis chapter and summarised in Figure 6.1. 

 

Figure 6.1. Summary of the key findings of each study chapter 3 (interannual spatial variability), 

4 (temporal variability) and 5 (satellite altimetry detection of ISW influenced fast ice freeboard) 

with respect to the interactive system at play between ice shelves, coastal polynyas and land-fast 

sea ice on the Antarctic coastline. 
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Chapter 3: 

Variability in the distribution of fast ice and the sub-ice platelet layer near McMurdo Ice Shelf 

The interannual variability observed in the spatial distributions of ice shelf-influenced fast ice 

and SPL in this study indicated that interannual variability in the frequency of strong southerly 

wind events and coastal polynya activity in the western Ross Sea could be manifesting in the 

conjoined McMurdo-Ross ice shelf cavity on more rapid timescales than previously deduced by 

most ocean modelling studies. The findings corroborated a recent study by Tinto et al. (2019) 

that incorporated high-resolution sub-ice bathymetry beneath the RIS in an ocean and sub-ice 

shelf circulation model. A higher frequency of strong southerly wind events, resultant polynya 

activity and HSSW production over winter would accelerate circulation and increase melting in 

the proximal shallow MIS and the deeper RIS regions of the conjoined cavity. The outflow of 

supercooled ISW in McMurdo Sound was consequently promoted and manifested as thicker and 

more voluminous SPLs in late spring in years subject to a higher occurrence of strong southerly 

wind events. Short timescale variability was observed in the SPL for the first time with EM in an 

important region of exchange between the McMurdo-Ross Ice Shelf cavity and open ocean water 

masses from the Ross Sea.  

Prior assessments of ice shelf-influenced fast ice and SPL distributions and thicknesses were 

predominately based on spatially or temporally poor resolved point observations. The high-

resolution measurements obtained with EM in this study (i.e., measurement every 10 m) 

provided highly detailed and unprecedented spatial information on the distributions of ice 

shelf-influenced fast ice and SPL in McMurdo Sound. This permitted more accurate 

quantification of the volumes of ice shelf-influenced fast ice and SPL from year to year. 

Multiple years of these high-resolution EM distribution surveys facilitated the first assessment 

of interannual variability in SPL. The SPL in turn provided a metric for variability in the 

volumes of supercooled ISW outflowing in McMurdo Sound. For the first time, variability in 

the SPL and supercooled ISW outflow was correlated to the frequency of strong southerly wind 

events and coastal polynya activity in the western Ross Sea.  

The co-occurrence of higher frequencies of strong southerly wind events and polynya activity in 

the region over winter and the relatively rapid manifestation as thicker SPLs in McMurdo Sound 

in the following late spring indicated a shorter timescale for HSSW and ISW ventilation from the 

RIS cavity than most modelling studies. This suggests that variability in HSSW production due 
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to shifts in regional winds with changes in the SAM or ENSO or increased ice shelf meltwater 

input into the Ross Sea could manifest far more rapidly within the ice shelf cavity. Projected 21st 

century atmospheric warming, reduced sea ice formation and HSSW production in the Weddell 

Sea Polynya was modelled to allow the penetration of warm CDW into the Filchner-Ronne Ice 

Shelf where it accelerated basal melting (Hellmer et al., 2012). A model also showed that 

freshening by meltwater outflowing from ice shelves prevented HSSW formation within coastal 

polynyas on the Sabrina Coast and in the Amundsen Sea (Silvano et al., 2018). Stronger 

stratification prevents full-depth convection and allows modified CDW to flow across shelf 

basins and into ice shelf cavities where it can accelerate basal melting (Narayanan et al., 2019). 

In the Ross Sea, mode 2 intrusions of modified CDW (mCDW) occur, but are thought to be 

limited to mid-depths and the eastern margin of the RIS at ~175°W (Assmann et al., 2003, 

Dinniman et al., 2011, Dinniman et al., 2007b, Jendersie et al., 2018, Orsi and Wiederwohl, 

2009).  

This highlights the imperativeness of multi-year studies on the interactions between ice shelves, 

coastal polynyas and sea ice. High resolution and rapidly acquired EM measurements would 

facilitate the implementation of long-term monitoring of interannual variability in ice shelf-

influenced fast ice and SPL, and the volumes of supercooled ISW outflowing in a region from 

year to year. This in turn provides essential information on the effects of regional climate and 

weather variability on coastal polynya-driven circulation and the processes at play within ice 

shelf cavities. Detailed assessments of the morphology of the SPL draft could provide 

important information on the outflow pathways and source regions for supercooled ISW from 

ice shelf cavities. Indeed, prominent maxima were consistently observed in the SPL draft in 

McMurdo Sound and these are likely driven by outflow pathways from the MIS. 
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Chapter 4: 

Evolution of the sub-ice platelet layer over winter and with the tides in McMurdo Sound 

The short timescale variability observed in the SPL in chapter 3 motivated a study of the temporal 

evolution of the SPL over winter and with the tides in McMurdo Sound. For the first time, 

electromagnetic induction time-series surveys were carried out near the MIS to assess the 

temporal evolution of the SPL over winter, and in the main path of ISW outflow in the west over 

a spring-neap tidal cycle in the following late spring. Substantial increases in SPL thickness co-

occurred with strong southerly wind events and polynya activity in the region in early spring, 

suggesting either enhanced HSSW-driven outflow of supercooled ISW from the ice shelf cavity 

or wind-driven surface circulation and upwelling in the MSP. A substantially thicker SPL of up 

to 11 m was observed beneath the MY ice near the ice shelf in the west. Diurnal variability was 

observed for the first time in the thickness and distribution of the SPL which correlated with the 

oscillation of the tides. Significant increases in SPL thickness were observed on falling tides in 

both spring and neap cycles and larger net increases during neap tides. This temporal pattern 

matched with tidal-induced currents recorded in previous oceanographic studies (Hughes et al., 

2014, Leonard et al., 2011, Leonard et al., 2006, Lewis and Perkin, 1985, Mahoney et al., 2011, 

Robinson et al., 2010, Robinson et al., 2014). The variability observed in the SPL indicated that 

a combination of the tides, wind-driven polynya activity and the presence of MY ice influences 

the circulation of ISW and consequently the evolution of the SPL over a range of timescales. 

The WSN EM time-series survey was coordinated with 48 hour repeat CTD casts of the 

supercooled ISW plume to a depth of 270 m, at the field camp 500 m to the north, over a neap 

and spring tidal cycle, and deployed with multi-sensor oceanographic moorings. The 

oceanographic data would greatly aid the interpretation of the observed tidal induced changes in 

the SPL. In future EM stationary surveys, oceanographic moorings and underwater cameras 

should be deployed to monitor the properties of the water column, ocean currents and the base 

of the SPL. An oceanographic mooring was not deployed at the over winter EM time-series 

survey at the SIMBS. However, this would provide critical information on the response of the 

water column to strong southerly wind events and polynya activity in the western Ross Sea. This 

could clarify if HSSW-driven pulsing of supercooled ISW outflow from the ice shelf cavity is 

occurring or if wind-driven upwelling in the MSP is drawing ISW out from the ice shelf cavity. 

Additionally, a heating device should be integrated into the EM time-series survey to mitigate 

temperature effects on the EM instrument and to allow a definitive quantification of tidal effects.   
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Multi-frequency EM techniques could be applied to better quantify the properties of the SPL and 

the respective response of the EM field within the SPL. Hunkeler et al. (2015) applied multi-

frequency EM to quantify the bulk conductivity of the SPL and to investigate its solid ice volume 

fraction. They used the ground-based Geophex Ltd. GEM-2 EM instrument for multi-frequency 

soundings on FY fast ice with a SPL at three sites in Atka Bay, Queen Maud Land, Antarctica 

between November 2012 and January 2013. They derived a mean bulk SPL layer conductivity 

of 1154 mS m-1 and demonstrated that multi-frequency EM induction can be used to resolve the 

bulk conductivity of the SPL with an uncertainty of ±271 mS m-1. Ice volume fractions of 0.29–

0.43 were obtained (Hunkeler et al., 2017). 

Long-term spatial and temporal EM monitoring of ice shelf-influenced fast ice and the SPL in 

McMurdo Sound could be combined with detailed satellite assessments of polynya activity over 

winter from passive microwave and higher resolution SAR images, and wind data from 

Automatic Weather Stations in the region. A network of phase-sensitive radio echo sounders as 

demonstrated by Stewart et al. (2019) could be deployed in key locations on the MIS and the 

deep grounding zones of outlet glaciers on the western side of the RIS to identify and monitor 

regions of basal melt. Year-round oceanographic moorings could be deployed in important 

regions for sub-ice ocean circulation such as the Hut Point Peninsula region. This combined 

approach would provide critical information on the response times of HSSW-driven ISW 

formation to atmospheric forcing, and the identification of the main source regions of the 

supercooled ISW outflowing in McMurdo Sound. These observations could also be used to 

inform and validate models that couple the ocean, sea ice and ice shelf for an enhanced 

understanding of this complex circulation system. 
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Chapter 5: 

Satellite altimetry assessment of ice shelf influenced land-fast sea ice in McMurdo Sound. 

The objective of this study was to take important steps towards developing a satellite-based 

method to identify coastal regions in Antarctica where ISW is outflowing in the upper surface 

ocean. A consistent pattern of thicker ice shelf-influenced fast ice with a substantial SPL beneath 

was observed in the central-western region of McMurdo Sound in Chapters 3 and 4. It was 

investigated if the CryoSat-2 satellite radar altimeter can identify anomalously higher freeboard 

driven by supercooled ISW outflow in McMurdo Sound. CryoSat-2 ice freeboard was compared 

to five years of drill hole measured ice and snow freeboard, sea ice and SPL thicknesses, and 

snow layer depths on the fast ice in McMurdo Sound. Trends of increasing CryoSat-2 obtained 

freeboard and ice thickness were observed with concurrent increases in fast ice and SPL thickness 

towards the MIS every year. The spatial distribution of anomalously higher CryoSat-2 ice 

freeboard correlated with the distribution of thicker ice shelf-influenced fast ice and the SPL in 

late spring every year. For the first time, this study conclusively demonstrated that the CryoSat-

2 radar altimeter is indeed capable of detecting anomalously higher freeboard driven by 

supercooled ISW outflow in McMurdo Sound, and is a practicable tool for identifying other 

regions on the Antarctic coastline where Ice Shelf Water is outflowing in the upper surface ocean. 

The study in Chapter 5 demonstrated the potential scope to carry out satellite altimetry 

assessments of regions where ISW and platelet ice have already been detected at the surface as 

described in Section 1.5, and also to identify unknown regions where ISW is reaching the upper 

surface ocean. Regions of anomalously higher freeboard could indicate thicker fast ice and the 

influence of ISW. This would require prior knowledge of the age and formation conditions of the 

fast ice (e.g., deformed ice will be thicker), and importantly the depth of the snow layer, if present. 

Monthly satellite altimetry assessments of freeboard as the fast ice is forming over winter could 

provide growth rates. Anomalously or relatively (i.e., with respect to adjacent fast ice) rapid 

growth rates could indicate that fast ice formation is being influenced by ISW outflow in the 

surface ocean. With adequate knowledge of fast ice growth rates, the magnitude of the ISW-

induced effective negative ocean heat flux could in theory be quantified. 

Once regions where ISW is outflowing in the upper surface ocean are identified, long-term 

satellite altimeter monitoring could be used to assess interannual variability in ice shelf and fast 

ice interactions. The presence and abundance of both consolidated platelet ice and the SPL 
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provide some insight into the geometry of inaccessible ice shelf cavities, and the volumes of ISW 

outflowing in a region (Langhorne et al., 2015). With long-term monitoring, this could provide 

information on variability in the atmospheric and oceanographic processes that drive HSSW-

driven ISW formation. The CryoSat-2 satellite altimeter could be used in tandem with other 

satellite platforms such as the ICESat-2 laser altimeter which measures snow freeboard. Targeted 

Airborne EM (AEM) surveys would provide coincident EM measured total ice and SPL 

thicknesses and laser altimeter snow freeboard. These coincident AEM measurements could be 

compared with CryoSat-2 measured freeboard to further elucidate and validate the observed ISW 

induced higher freeboard and the assumed freeboard interface.  

However, challenges in achieving this are significant noise in the CryoSat-2 measurement, 

interference from land, inaccuracies of applied geophysical corrections, the identification of a 

relative SSH, SIN range resolution, and inadequate knowledge of the snow distribution and 

penetration depth of radar waveforms into the snow layer. Recently, a retracking algorithm was 

developed with the capability to retrieve both the backscattering horizon for the air to snow and 

snow to sea ice interface from the CryoSat-2 Level 1b waveform (Fons and Kurtz, 2019). The 

method showed significant promise, however in regions of large snow depths, ice freeboard was 

overestimated. A similar effect on CryoSat-2 obtained freeboard in deep snow deposits was 

observed on Arctic sea ice (Ricker et al., 2015).  

This research has enhanced the knowledge of ice-shelf influenced fast ice and contributed to the 

long-term monitoring of ice shelf and sea ice processes in the Ross Sea and the greater Southern 

Ocean. It linked the atmosphere, ocean and cryosphere by assessing the interconnections between 

wind-driven polynya activity, ocean circulation, Ice Shelf Water outflow and Antarctic fast ice 

formation. The multi-disciplinary methodology bridged the scales between ground-based 

geophysical observations and satellite-scale assessments. It also contributed to the impoverished 

knowledge of Antarctic sea ice thickness by using ground validation to inform satellite altimetry 

assessments of ice shelf-influenced land-fast sea ice in the western Ross Sea. 
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