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Abstract 

Heard Island is located in one of the more isolated regions of the southern Indian Ocean at 
53°06' S 73 030 E. There are 29 glacerised basins on Heard Island, which cover 70% of this 
367 km 2  island. Changes in the positions of Heard Island's glaciers, and by inference, changes 
in the region's climate, have been recorded only intermittently since the establishment of the 
first Australian base in 1947. In the 1950s the majority of these glaciers were stable or slightly 
thinning until a marked retreat began in the early 1960s. The retreat from the 1960s has conti-
nued through the last recorded observation in 2004. As of 1997, the glaciers on Heard Island 
had a total area of 257 km2  and an estimated volume of 14.2 km 3 . 

The limited climate records for the southern Indian Ocean have shown that there has been a 
+0.9° C (or +1.7° C 100a-1 ) change in temperature on Heard Island between 1947 and 2006, 
with similar increases in temperatures on the other sub-Antarctic islands (e. g., +2.7° C 100a -1  
at Marion, +1.0° C 100a -1  at Kerguelen and +1.4° C 100a -1  at New Amsterdam islands). Ad-
ditionally there has been a decrease in precipitation at Marion Island and Kerguelen since the 
late 1960s. 

The changes in air temperature and precipitation in the southern Indian Ocean over the last 
60 years has had a significant effect of the glacier coverage on the region's islands. There 
have been dramatic changes in the extent of several glaciers observed on Marion, Crozet, Bou-
vetOya, and Kerguelen. The glaciers and semi-permanent snow cover on the more northern 
Marion and Crozet islands have disappeared completely since these islands were first discove-
red. Kerguelen Island glaciers have decreased in extent, with one of the original five regions 
disappearing completely. The limited observations on Bouvetoya indicates there has been only 
minor changes in it's glacier fronts. 

There are few observations of glacier front changes and even fewer glacier mass balance 
measurements on Heard Island. The changes in glacier front and climate for Brown Glacier, 
located on the northeastern coast of Heard Island, was determined by combining the climatic 
and physical characteristics that are measured on Heard Island, from 1950 to present. 

Ice core and crevasse samples were collected on Brown Glacier, on the northeast coast, in 
2004 to determine the net balance from stratigraphic data and glaciochemical analysis. Oxygen 
isotope and trace ion were measured from ice cores and crevasses to observe any seasonal 
signals present in the ice and thereby determining the net balance. Although meltwater affected 
some of the sample sites a comparison with a low melt location, at 2450 m asl, reveals that melt 
effects are very site specific. Two non-melt affected sites, at elevations of 756 m and 920 m, 
provide an estimated net balance of 1.5 m w.e. 

Ablation was estimated from a combination of stake networks, downward looking sonars and 
a degree day model. A twenty stake central flowline network and downward looking sonars 
were deployed on Brown Glacier during the summers of 2000/01 and 2003/04 to measure the 
changes in the surface height. These measurements were compared to a degree day model for 



the ablation over the same period. The results indicated that in remote areas, degree day models 
can provide good estimates of the ablation when limited energy balance variables are available. 

The mass balance models for Brown Glacier indicate that an increase in temperature of 
0.9° C between 1950 and 2001, and possibly a decrease in precipitation, has resulted in the 
retreat of the glacier. The steady state mass flux for 2001 indicates that if all of the current 
parameters remained constant then the terminus of Brown Glacier will retreat to an elevation 
of 350m. 

IPCC projections for 2090 were used to predict the changes that would occur on Brown 
Glacier if there was a further increase of temperature of 1.8 and 3.4° C. In both of these models 
Brown Glacier would cease to exist or possibly retreat to a small, semi-permanent snow field. 

This has similar implications for the other glaciers on Heard Island. Further increases in 
temperature and a continuation of the decreasing precipitation trends observed on the neigh-
bouring sub-Antarctic islands implies that the smaller glaciers on Heard Island would also 
begin to retreat at a more rapid rate over the next 90 years. Glacier such as the Mary Powell, 
Nares, and Deacock that do not originate from high on the Big Ben Plateau are likely to retreat 
to elevation above —1000 m asl and the glaciers on the Laurens Peninsula will have disappeared 
completely. 
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1. Introduction to Heard Island Glaciers 

1.1. Introduction 

Heard Island is a sub-Antarctic island located at 53°06' S 73°30' E in  the  southern Indian 
Ocean. This isolated island is 4,100 km south west of Perth, Australia, 4,850 km south east 
of South Africa and 1,500 km north of the Antarctic continent (Figure 1.1). There are several 
other sub-Antarctic island groups nearby (Figure 1.1). The two closest to Heard Island are the 
McDonald Islands, 45 km to the west, and the Kerguelen Archipelago,  440  km to the north. 
Heard, McDonald, and Kerguelen islands are each aerial landforms of the Kerguelen Plateau, 
a large submarine plateau extending from 45° to 60° S. 

Figure 1.1.: Location of Heard, McDonald, Kerguelen, Crozet, Prince Edward and Amsterdam 
islands in the Southern Indian Ocean. Adapted from Australian Antarctic Division (AAD) map 
catalogue. 

Heard Island's position south of the Polar Front is unique among the islands of the southern 
Indian Ocean (e. g., Kerguelen, Crozet, and Marion). This high elevation, 2745 m above sea 
level (asp, roughly circular island is 70% (in 1988) covered in glaciers. The physiography and 
orographic effects of the island have resulted in the glaciers on the lee  and  windward sides 
reacting differently to changes in the climate. Heard Island is also unique in that it supports 
some of the few long term but intermittent meteorological records in the southern Indian Ocean. 
These longer records, compared to recently deployed buoys, are used to measure changes in 
the temperature on the islands and can be compared to records from Kerguelen, Crozet, and 
Marion islands. These 60 years of intermittent meteorological records combined with the 100+ 
years of photographic and historical narratives provide a sporadic yet informative record of the 
climatic and glaciological changes on Heard Island. 

The temperate glaciers of Heard Island were first systematically observed in the early 1900s. 
The majority of these glaciers were stable or slightly thinning until a marked retreat began in 
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the early 1960s. The retreat from the 1960s has continued through the last recorded observation 
in 2006. As of 1997, there were 29 glacerised basins (41 termini) and 3 glaciated basins (that 
may have been glaciated during the Last Glacial Maximum (LGM)) on Heard Island with a 
total area of 257 km 2  and with an estimated volume of 14.2 km 3  (Ruddell, 2006). 

The isolation and uniqueness of Heard Island has lead to this mass balance study on one of 
the islands temperate glacier. Brown Glacier was chosen because it is a small accessible glacier 
on the eastern coast. It is here on the eastern, leeward side of the mountain that the glaciers 
have been observed to have the most recent and highest rate of retreat on the island. 

Limited visits, incomplete meteorological records and few cloud free satellite images of 
the island means that several methods were necessary to estimate the mass balance of Brown 
Glacier and its changes. These include: 

• Compilation of photographic, historical narratives and published reports to provide an 
indication of the relative changes in the mass balance (Chapter 2), 

• Analysis of meteorological records from Heard Island (Chapter 4) and the surrounding 
sub-Antarctic islands (e. g., Kerguelen, Marion, and Crozet) (Chapter 3) to determine 
local and regional changes in temperature and precipitation, 

• Surveys of Brown Glacier, conducted during two summer field seasons in 2000/01 and 
2003/04 (Chapter 5), to measure mass balance variables, 

• Collection of samples for glaciochemical analysis to estimate an annual net balance of 
Brown and Stephenson glaciers (Chapter 6), 

• And development of a simple mass balance model (Chapter 7) to quantify the changes 
in Brown Glacier between 1950 and 2000 and to predict future changes, 

Due to the limited data available from Heard Island, I found that it was only with a combination 
of all of these methods that the best estimation of Brown Glacier's mass balance could be 
established. 

1.2. Why study temperate glaciers? 

Glaciers currently cover 10% of the Earth's land surface (Lemke et al., 2007). The majority 
of these permanent ice covered areas are found in Antarctica and Greenland. The rest of the 
Earth's glaciers and ice caps, many of which are temperate glaciers, are found in alpine or high 
latitude regions. These make excellent climatic indicators because these warm, steep sloped, 
fast flowing glaciers have a quicker response time to climate change than larger, colder ice 
masses such as those in Antarctica and Greenland (Lemke et al., 2007). 

Observed glacier fluctuations contribute important information for detecting climate change 
(Oerlemans et al., 1998). These permanent ice covered regions incorporate climatic change 
and variation information over various time scales. Glaciers are among the clearest signals 
of ongoing warming trends existing in nature and good visible expressions of climate change 
(Lemke et al., 2007). 

There are various reasons to study glaciers including the following. 
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1.2. Why study temperate glaciers? 

1. As a hydrological and economic resource. Glacier melt has been used for centuries to 
provide potable water, irrigation and electricity among other social benefits. Himalayan 
glaciers feed many of the largest river systems in the world (e. g., Yangtze and Brahma-
putra). Meltwater from these mountain glaciers flood the lowlands of India, China, and 
Bangladesh providing irrigation. One of the most important irrigation factors is timing 
of the high flow periods (Chen and Zhang, 2002). Winter precipitation is stored in the 
glacier and released by melt in spring and summer, which are the important growing sea-
sons. Changes in the amount of meltwater in these rivers could possibly destroy crops 
by over-flooding or result in drought-like condition (Chen and Zhang, 2002). 

2. The interaction between glaciers and the oceans is significant due to glacial meltwater's 
influence on sea level. At present glaciers are retreating worldwide, as in general, gla-
ciers currently experience more annual melt than snow accumulation (a negative mass 
balance) (Lemke et al., 2007). If the mass balance continues to be negative there will 
be increased water input into rivers and oceans causing sea levels to rise significantly in 
years to come. Recent estimates indicate that non-polar glaciers, which are very sensi-
tive to changes in climatic conditions, have contributed 0.50 ± 0.18mm a -1  in sea level 
equivalent between 1961 and 2004, and 0.77 + 0.22 mm a -1  between 1991 and 2004 
(Lemke et al., 2007). In comparison, the Greenland ice sheet has contributed an esti-
mated —0.07 to 0.17 mm a -1  sea level equivalent between 1961 and 2003, and 0.14 to 
0.28 mm a -1  between 1993 to 2003, and the larger Antarctic ice sheet has contributed an 
estimated —0.28 to 0.55 mm a -1  sea level equivalent between 1961 and 2003, and —0.14 
to 0.55 mm a -1  between 1993 to 2003 (Lemke et al., 2007). 

3. The sensitivity of glaciers provide a measurable response (advance or retreat) to a change 
in climate (Chinn, 1996). Individual glaciers respond differently to changes in the cli-
mate: (a) glaciers that are steep are more sensitive to climate change (Oerlemans, 1994), 
(b) maritime glaciers that are at low elevations and have high precipitation rates are more 
sensitive to climate change (Laumann and Reeh, 1993), and (c) glaciers in wet climates 
are more sensitive to mass balance changes than dry climate glaciers, such as Greenland 
and Antarctica (Kuhn, 1981; Oerlemans and Fortuin, 1992). 

4. Glaciers may also provide additional information on local climatic conditions (i. e., tem-
perature and precipitation) supplementing weather station data (see Chapter 2). Due to a 
glacier's response to air temperature and precipitation changes one can correlate glacier 
mass balance with meteorological variables measured at weather stations (see Chapter 
4). In addition, meteorological data may be used to predict future changes to a gla-
cier's mass balance based on the records of how a glacier reacted to past changes (see 
Chapter 7). When interpreting glacier fluctuations based on meteorological records one 
must keep in mind that a glacier integrates meteorological processes on a variety of time 
scales; the seasonal surface snow and equilibrium line altitude have a yearly cycle. The 
time for flow adjustment and size changes has a scale of 1-10 years (100 years for lar-
ger glaciers) and an average residency time for ice of 100-1000 years is in a temperate 
glacier (Kuhn, 1981). 
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5. Increases in anthropogenic aerosols in the atmosphere is of concern for maintaining a 
healthy living environment, especially with the additional concerns of overpopulation 
and increased demands on our natural resources (Hooke, 2005). Glaciological studies of 
ice cores and snow provide a baseline of pre-industrial levels of aerosols and a record of 
the changes in the aerosol concentration. In addition these glaciochemical studies can 
be utilised to provide proxy records of the annual snowfall and other paleotemperature 
records (see Chapter 6). 

1.3. Physiography and glacerisation of Heard Island 

The extensive glacier coverage of Heard Island has developed in response to a combination 
of factors. The island is positioned in a high latitude (53° S), maritime location resulting in a 
low seasonal range in temperature, frequent precipitation, increased and low lying cloud cover 
and strong winds (Thost and Allison, 2006). These climatic conditions are susceptible to both 
large scale synoptic events due to its location in a zone of strong westerly air flow and low 
temperatures (Taljaard and Van Loon, 1984) and small-scale regional variability due to the 
orthographic effects of the 2745 m Mawson Peak (Thost and Allison, 2006). 

The large plateau area surrounding Mawson Peak, and the Big Ben Plateau (Figure 1.2), 
causes variability in the precipitation and winds and also creates orographic cloud types (Thost 
and Allison, 2006). The steep elevation of Big Ben results in a gradient in temperature, preci-
pitation (and therefore snow accumulation), and wind speed. This explains why many of the 
larger tidewater glaciers are located on the western and southern coast of the island, which get 
the full force of the westerly winds and high precipitation rates. 

The climatic conditions and glacier coverage of Heard Island are also a result of the island 
being located south of the Polar Front (PF). The PF marks the location where the cooler An-
tarctic surface waters sink below sub-Antarctic waters as the former moves northward (Deacon, 
1933). The PF is an important climatic boundary in terms of the air-sea fluxes and the heat and 
salt budgets of the oceans (Moore et al., 1999) (see Section 3.2). 

The widespread and diminishing glacial coverage (from approximately 80% in 1980 (Allison 
and Keage, 1986) to about 70% in 1988 (Ruddell, 2006)) of Heard Island and its location in a 
remote area of the southern Indian Ocean means that these glaciers and any changes in their 
shape and size are useful for monitoring climatic changes in this region. 

Until very recently any understanding of the changes in the extent of the Heard Island gla-
ciers have been derived from brief journal accounts, photographs and drawings made during 
the early sealing period and later as scientists began to explore this remote island from publi-
shed reports, photographs, satellite images and eventually mass balance studies (see Appendix 
A.1 for a full history of visitations to Heard Island). The fluctuations of these glaciers have 
been discussed by Budd and Stephenson (1970); Allison and Keage (1986) and Budd (2000). 
But it was not until Ruddell (2006) that all of the glaciers were inventoried. 

The glaciers of Heard Island can be separated into two main regions, Laurens Peninsula and 
Big Ben, and three sub-regions within Big Ben (Northern, Eastern and Southwestern coasts). 
Of the thirty-two glacier basins inventoried by Ruddell (2006) there were twenty-nine glaciers 
that were present in 1991 of which eight are located on the Laurens Peninsula and twenty-one 
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on Big Ben (Budd, 2000; Ruddell, 2006). A description and summary of the changes that have 
occurred on all of the documented glaciers on Heard Island is provided in Section 2.4.1. 

Big Ben is a volcanic cone that has a diameter of 25 km, a height of 2745 m above sea 
level (as° and a plateau with a shallow crater at approximately 2200 m asl, called the Big Ben 
Plateau (Figure 1.2). The Big Ben Plateau has an area of approximately 7 km 2  and its highest 
point is Mawson Peak at 2745 m asl. Glaciers extend down the slopes of Big Ben to the coast. 
The glaciated basins are separated by ridges and buttresses that extend from the plateau rim 
(e. g., North Barrier, Long Ridge, South Barrier and Holmes Ridge in the southeast and North 
West Cornice in the west) (Figure 1.2). 
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Figure 1.2.: A map of all of the common geographical features and place names on Heard Is-
land that are referred to in this study (except the glaciers). Red lettering highlights the two do-
minant landforms, blue lettering indicates a coastal feature, black lettering a landform, purple 
lettering a volcanic cone or peak, green lettering the two main field stations. Adapted from the 
Australian Antarctic Division (AAD) map catalogue. 

The northern coastline of Big Ben is dominated by tidewater glacier ice fronts and Corinthian 
Bay. There is one substantial ice-free area around Saddle Point where plant communities, bird 
and seal populations thrive (Scott, 1990). Continuing around to the east, the glacier fronts 
have retreated, beginning in the late 1950s, leaving the coast dotted with lagoons separated by 
beaches (e. g., Compton Lagoon, Fairchild Beach and Brown Lagoon) (Budd and Stephenson, 
1970). Above Skua Beach is Scarlett Hill, a remnant volcanic cone, situated near Brown and 
Stephenson glaciers and often used as a landmark (Figure 1.2). One of the two frequently used 
science stations, Spit Bay Station, is located along the north eastern coast. Behind the station is 
Dovers Moraine, marking a former extent of the Stephenson Glacier. The principal feature on 
the eastern coast is a 10 km long narrow spit (Figure 1.2). Elephant Spit (typically referred to 
as 'the Spit') is continually changing and for periods resembles an assemblage of small shallow 
islands as opposed to a continuous spit. 
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Around the Spit and along the south eastern coast is Winston Lagoon. Beyond Winston La-
goon the southern coast is dominated by glacier fronts, beaches and capes (e. g., Cape Lockyer, 
Long Beach, and Cape Labuan) (Figure 1.2). The western coast of Big Ben is bounded by 
Cape Gazert in the south and Azorella Peninsula in the north. Between these two features is 
the Four Bay Region (Atlas Cove, West Bay, Southwest Bay, and Corinthian Bay) (Figure 1.2). 
It is here in the Four Bay Region that the oldest research station, Atlas Cove Station, is located. 
These bays are separated by The Nullabor, a flat periodically sea-water flooded plain, and a 
narrow ridge (less than 100 m wide), which separates Big Ben from the Laurens Peninsula. 

The Laurens Peninsula is a 10 km diameter volcanic, mountainous headland that extends 
northwest of Big Ben (Figure 1.2). The highlands of the Laurens Peninsula have three major 
peaks, Mt Olsen, Mt Dixon and Anzac Peak, with a maximum height of 716 m at Anzac Peak. 
Similar to Big Ben, the Laurens Peninsula's southern and western coasts are dominated by 
capes (e. g., West Cape and Cape Cartwright). The glaciers of Laurens Peninsula have retreated 
to a small ice cap between Anzac Peak and Mt Olsen (Ruddell, 2006). On the northern coast 
is Red Island, a remnant volcanic cone. The island is frequently separated from the Laurens 
Peninsula by wave and storm action, which flood the beach separating these two features. As 
the hanging glaciers retreated from the steep bluffs (e. g., Charles Carol Bluff) along the north 
and eastern coastlines these regions have become the habitat of a variety of sea birds including 
many nesting albatrosses (Kirkwood and Mitchell, 1992). 

1.4. Outline and aims of thesis 

This study investigates the mass balance and meteorological records from Heard Island, with a 
focus on Brown Glacier. 

The historical changes in Heard Island's glacier fronts was first summarised by G. Budd 
(1973) and later described in more detail by Ruddell (2006). Ruddell (2006) concentrated on 
the period between 1947 and 1988 (with some updates to 2000). This study has continued 
to update Ruddell's report to 2006 (Chapter 2). In order to put Heard Island into regional 
perspective an updated summary of the glacier fluctuations on the other sub-Antarctic islands 
is also presented. This is the first known summary made available since Hall (1990), and 
includes some initial attempts to summarise the more recent changes on the South Sandwich 
and Bouvetoya islands (Chapter 2). 

Until the middle of the 20 th  Century there was a lack of meteorological information for the 
southern Indian Ocean. The end of WWII marked an increased interest in many countries of 
their Southern Ocean territories, resulting in several meteorological stations being established 
on sub-Antarctic islands (Chapter 3). These records have been used to provide a summary 
of the changes in the temperature and precipitation for other sub-Antarctic islands (Chapter 
3). Jacka et al. (2004) summarised the changes in temperature for the southern hemisphere, 
however they did not include Heard Island, which is now included here. Precipitation records 
from the islands of the southern Indian Ocean are also summarised (Chapter 3). 

Thost and Allison (2006) provided a summary of the local climate on Heard Island. This 
study updates the Thost and Allison (2006) report from 2000 to 2007, and uses earlier reports 
from the Australian Bureau of Meteorology (e. g., Shaw (1955)). A more detailed investigation 
into the orographic factors and their possible effects on the glaciers is also given (Chapter 4). 

6 



1.4. Outline and aims of thesis 

With the regional and local fluctuations in the glaciers and changes in the climate of the 
southern Indian Ocean discussed, an analysis of two summer surveys of Brown Glacier was 
completed (Chapter 5). The first survey was completed in 2000/01 by Martin Truffer, Doug 
Thost and Andrew Ruddell (Truffer et al., 2001), and the second in 2003/04 by Doug Thost, 
Martin Truffer and Shavawn Donoghue (Thost et al., 2004). These two surveys represent the 
most comprehensive study on any of Heard Island's glaciers (Chapter 5). 

Thost and Truffer (2008) reported the initial calculation of changes in volume and area of 
Brown Glacier from these two surveys. Chapter 5 of this thesis uses the two surveys to esta-
blish a summer ablation rate, measured from a combination of net balance stake networks and 
downward looking sonar measurements of the glacier surface. 

During the 2003/04 field season several ice cores and crevasses walls were sampled to esti-
mate an annual net balance from oxygen isotope and glaciochemical analysis (Chapter 6). This 
was the first time a study of this magnitude had been attempted on Heard Island and also the 
first look at a low elevation glacier, as opposed to a short sample sequence from near the sum-
mit of Big Ben in 1983 (Spencer et al., 1985). A method is proposed for inferring the degree 
of smoothing on the glaciochemical seasonal signal by meltwater effects. This resulted in an 
estimate of the net balance of Brown Glacier, despite it being a low elevation, relatively warm 
site. 

The summer and annual precipitation measurements and estimated summer ablation rate 
were then used to estimate the annual net balance of Brown Glacier for three difference periods: 
1950, 2001 and 2090. A mass balance model was developed that integrated a degree day 
model for the annual ablation and an annual accumulation profile from annual precipitation 
records and estimates of net balance change with elevation (from ice core records) (Chapter 
7). These two profiles were then used to estimate the net balance, which was compared to the 
glaciochemical net balance values, the estimated equilibrium line altitude and measured mass 
flux values. 

The velocity and ice thickness of Brown Glacier were modelled using a flowline model 
developed by Ruddell (1995) (Chapter 7). The mass flux was used to calculate the ice thickness, 
basal shear stress, normal stress, sliding velocity and total velocity of the glacier. The modelled 
values were constrained by the measured surface velocity and ice thickness values from survey 
1 and 2. These models were used to estimate past and future changes in the mass balance 
and dynamics of Brown Glacier. The model was used to estimate the 1950 mass balance and 
dynamics and to predict the change in the mass balance between 2000 and 2090 (Chapter 7). 

Finally, a summary of all of the results from this thesis is presented in Chapter 8. 
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2. Recent changes in glacier extent on 

sub-Antarctic islands 

2.1. Introduction 

The temperate glaciers of the sub-Antarctic islands are located in cold, wet, maritime environ-
ments making them valuable climatic indicators for the Southern Ocean. Changes in glacier 
fronts have been widely used as an important indicator of climate change (Lemke et al., 2007). 
Glacier fluctuations are the result of regional and local climate variability. There have recently 
been studies (e. g.,0erlemans, 2001) that have strengthened the link between field mass balance 
studies and modelling studies which have led to an improved link between glacier mass balance 
and the climate (Oerlemans, 2005). 

Climatic changes are not reflected in glaciers immediately, instead glaciers have a delayed 
response to climate change that predominately depends on the geometry and the local climatic 
setting. Oerlemans (2005) suggests that this lag in glacier fluctuations can vary from 10 years 
for the steepest of glaciers to a few hundred years for larger glaciers with small slopes. However 
he found from a summary of the changes in 169 glaciers worldwide that the typical range in 
response is from 40 to 100 years. The majority of the glaciers on the sub-Antarctic islands are 
small, steep sloped glaciers suggesting that they are some of the quickest to respond to changes 
in the local climate setting. 

Several studies (e. g., (Braithwaite, 2002; Cogley, 2005)) have shown that glacier length fluc-
tuations are a result of many climatic parameters. However mass balance is primarily effected 
by air temperature, solar radiation and precipitation (Oerlemans, 2005). Solar radiation is the 
main source of melt energy whereas decreases in mass balance are mostly due to increases in 
temperature and decreases in precipitation (Braithwaite, 1981). 

A review of the fluctuations of glaciers on the sub-Antarctic islands provides a more com-
plete record of climatic changes that are occurring on these islands than the intermittent me-
teorological records and sporadic mass balance studies that are currently available. 

This study catalogues the changes in the glacier fronts on Heard, Kerguelen, Crozet, Marion, 
BouvetOya, South Georgia and South Sandwich islands to identify any regional trends. From 
the time of their discovery until the present, glaciers on these sub-Antarctic islands have been 
reacting to changes in the climate, from early periods of stability to more recent periods of 
dynamic change. 

2.2. Islands of the sub-Antarctic 

Sub-Antarctic islands for the purpose of this study, are defined as those islands that are located 
north of the Antarctic seasonal sea ice zone. They range across the Antarctic Circumpolar Cur- 
rent (ACC) (Section 3.2) and are often divided into regions based on the location of the Polar 
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Front (PF), which is the strongest front of the ACC. Included in this study are a few exceptions 
to this definition the South Sandwich Islands, which may  be  found within the seasonal sea ice 
zone, and Macquarie Island, which for the purpose of  this  study is excluded as there is no 
evidence of glaciers (past or present) on the island (Mercer, 1967). 

The sub-Antarctic islands, by the above definition, can  be  divided into three oceanographic 
regions: the southern Indian Ocean, the southern Atlantic Ocean and the Scotia Sea. The sub-
Antarctic islands of the southern Indian Ocean include Heard and McDonald, which are south 
of the  Polar Front, Kerguelen Archipelago (situated on the Polar Front), and Crozet Group and 
Prince Edward Island Group, which are located to the north of the Polar Front (Figure 2.1). 

Figure 2.1.: Locations of the sub-Antarctic islands as defined in this study. This map has been 
modified from a figure supplied  by  Antarctic Tasmania  (2006). 

All  the sub-Antarctic islands of the southern Indian  Ocean  are volcanic in origin, with Heard, 
McDonald, and Marion currently active. Heard, McDonald, and Kerguelen islands are some 
of the only aerial platforms of the Kerguelen Plateau,  which  is the largest volcanic plateau in 
the  Southern  Ocean extending 2200 km in a northwest -  southeast  direction and lying in waters 
from  1000 to 4000 m deep. Marion Island, the largest of  the  Prince Edward Island Group, is 
one peak of a large submarine shield volcano that rises 5000m from the sea floor to the highest 
point  on the island at 1242m asl (Sumner et al., 2004). Crozet island is located on the Crozet 
Plateau,  which is also volcanic in origin. 

All  of these islands are located in a region of strong westerly winds, high precipitation, 
high  cloud cover and mean annual temperatures ranging from 1.7 to 5.6° C and total annual 
precipitation ranges of 500 to >3000 mm (Section 3.5). 

Bouvetoya, the only sub-Antarctic island in the southern Atlantic Ocean, is located south of 
the Polar  Front and is the most isolated island on earth.  Its  nearest landmass is the Antarctic 
coast  line 1600 km away. 
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2.3. Data sources and methods 

The islands of the Scotia Sea include South Georgia, South Sandwich, South Orkney, and 
South Shetlands although only South Georgia and South Sandwich fall within this study's 
defined sub-Antarctic region. The majority of the South Sandwich Islands are volcanically 
active. Many of these islands are also ice covered (some estimates are 80% coverage) (Kemp 
and Nelson, 1932). South Georgia is the only island in this study that is not volcanic in origin. 
This oceanic island is part of the Scotia Arc, an eastward salient in the Andean-west Antarctic 
structural belt. Both the South Sandwich and South Georgia islands are located to the south of 
the Polar Front in a region of high precipitation and winds, low temperatures and cloudy skies. 

2.3. Data sources and methods 

The glacial history of very few of these sub-Antarctic islands has been studied in detail, which 
is not surprising given their remote locations, inaccessibility and harsh weather conditions. As 
a result, much of the glacier records for these islands are from anecdotal evidence (Hall, 1990) 
and more recently from more detailed glaciological studies (e. g., Thost et al. (2004); Sumner 
et al. (2004)) or from analysis of satellite imagery (e. g., DigitalGlobe, Landsat, and MODIS). 

Anecdotal evidence is the basis for most of the early, 1800s, glacier history of these islands. 
Explorers who "discovered" these islands all reported on the physical and geographical appea-
rance of their finds. The majority of the glacial histories presented here use these reports as 
a starting point. Later, from the mid 1800s to early 1900s, historical narratives, drawings and 
photographs of the sub-Antarctic islands were more commonly used. 

Between the early 1900s and the 1940s there were very few visits to the sub-Antarctic is-
lands. It was only after WWII that many national programs began to look southward once 
again. Beginning in 1947 manned field stations were being established on Marion, Heard, Ker-
guelen, and Crozet islands (Section 3.3). These stations enabled more detailed studies of the 
island's natural environment, including the glaciers. It was also during this period that some of 
the first aerial surveys were made of the islands, Heard in 1947 and Kerguelen in 1963. 

Following this initial influx of information on the glaciers it was again more difficult to find 
detailed studies. Some of the most detailed glacier histories have only just been published in 
the last few years e g., Gordon et al. (2008) on South Georgia from the early 1980s to 2005; 
Sumner et al. (2004) on Marion from 1990s to early 2000s; and Ruddell (2006) for Heard Island 
from 1947 to 1997. All of these summaries concentrate on single islands. In order to look at 
the regional changes that have been occurring, in the context of the wider changes in climate 
around the world, a summary of all of the glacier histories of these islands is necessary. The 
two most complete summaries for the sub-Antarctic islands have been by Mercer (1967), who 
published a Southern Hemisphere Glacier Atlas and Hall (1990), who looked at glaciation on 
Macquarie, Heard, Bouvetoya, Crozet, Kerguelen and Marion islands. In order to update these 
summaries additional sources were found from a combination of published studies, satellite 
imagery, amateur photographs, and photographic surveys. 
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2.4. Changes in the glaciers of the sub-Antarctic 

A description is given of the changes to the glaciers on each of the sub-Antarctic islands, as 
defined in this study. The islands have been separated into three regions: the southern Indian 
Ocean, the southern Atlantic Ocean and the Scotia Sea. 

2.4.1. Islands of the southern Indian Ocean 

The islands of the southern Indian Ocean include Crozet, Marion, Kerguelen, McDonald and 
Heard. These islands, except McDonald Islands, have only been visited relatively frequently 
since the establishment of local meteorological stations. 

Crozet The Crozet Group consists of five islands. The eastern islands include lie de la Pos-
session (the largest island in the Crozet group) at 46°23' S 51°37' E and fie de l'Est. The 
western islands include the main island of lie aux Cochons and two islets (lies des Pingouins 
and lies des Apotres). Crozet Islands are located north of the Polar Front and have a relatively 
low overall elevation, therefore it is not surprising that at present there are no glaciers or per-
manent snow or ice coverage found on the islands (Hall, 1990). This is different from when 
the island was first sighted, by Marion du Fresne aboard the Mascarin, in January 1772, who 
observed a snow covered island. Later, when the HMS Challenger visited in January 1874, the 
island was entirely snow free (Mercer, 1967). One of the few other observations of snow cover 
was in the 1980s when a small semi-permanent snow field on lie de l'Est was observed (Hollin 
and Schilling, 1981). Given the elevation of the islands (-900m asp it is unlikely that there 
has been permanent ice on these islands for some time as 900 m is well below the regional 
equilibrium line altitude (ELA), which is the elevation at which the amount of accumulation 
equals the amount of ablation on a glacier (Cogley, 2005) (see Section 5.5.1). If an ELA rises 
to a level that is higher than the local mountains, glaciers will cease to exist. 

It is likely that the initial snow coverage observed in 1772 was just a summer snow fall. 
Information about paleoglacier features on the islands are scarce(Hall, 1990). There does not 
appear to be any recent (Pleistocene to present) evidence of glaciation on lie de la Possession, 
which being the highest is most likely to have been glaciated (Bellair, 1964). 

Marion The two main islands of the Prince Edward Island group are Marion and Prince 
Edward islands. Prince Edward Island is located at 46°37' S 37°57' E and 19 km to the north 
of Marion Island. Prince Edward Island is 44 km 2  with steep escarpments on the northwest and 
southwest coasts. The highest peak on the island is 722 m asl located at the centre of the island. 
Observations on Prince Edward Island have indicated that there is no evidence of glaciation 
(Hall, 1983). This may be due to recent volcanic activity, strong wave action on the western 
side of the island and the small size and low elevation of the island (Hall, 1990). 

Marion Island is located at 46°54'S 37°45'E. The island is 19 km long and 12 km wide. 
Marion has a total area of 290 km 2  with 72 km of cliff face dominated coastline. The highest 
peak on the island is State President Swart Peak at 1230 m asl. The ice and permanent snow 
cover on Marion Island has been slowly declining over the last 50 years (Sumner et al., 2004). 
In 1954, the ice and permanent snow cover was observed down to 600m as! (Sumner et al., 
2004). By 1965/1966, the average summer snow line, a term often used interchangeably as 
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a  visible  indication  of the  ELA,  was  estimated to  be  between  650  and 850  m  asl  (Verwoerd,  

2.4.  Changes  in  the  glaciers  of  the  sub-Antarctic  

thick)  continued to  retreat,  unti l  1 997 when  it  was  reduced to  small patches  of permanent  snow  
in  wind protected south-facing  slopes  and in  some  areas  of the  basin  floor  (Sumner  et  al.,  2004).  

Peninsule  Courbet  (Figure  2.2).  
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2. Recent changes in glacier extent on sub-Antarctic islands 

from 600 to 900 m as1 (Bauer, 1963). Recession of the Dumont d'Urville Glacier (Figure 2.3A) 
was first noted by the ship Gazelle, which passed the island between 1874 and 1876 (Aubert 
de la Rue, 1932). Further retreat was noted in 1928 and 1932 on the eastern side of the ice field 
though no retreat was noted on the western end of the ice field (Aubert de la Rue, 1932). The 
1961 to 1963 surveys indicated that the northern glaciers descend in ice falls (Bauer, 1963). 
The western glaciers showed little sign of retreat and were very active, especially the Curie 
and Pasteur glaciers (Figure 2.3A), which were the only Kerguelen glaciers to calve into the 
sea (Bauer, 1963). 1960s photographs of the eastern section of the ice field shows that the 
glaciers had shallow gradients and were very crevassed. Both the eastern and northern glaciers 
terminate in proglacial lakes (Mercer, 1967). A recent, November 2002, astronaut photograph 
(Figure 2.3A) shows that the glaciers in this region have continued to retreat in particular along 
the eastern margin. 

Figure 2.3.: A) 2002 astronaut photographs of the Cook ice field and B) the Presqu'ile Railler 
du Baty. Each with the 1967 glacier outline from the French IGN (Institut Geographique Natio-
nal) map overlaid. (Astronaut images from the Earth Sciences and Image Analysis Laboratory, 
NASA Johnson Space Center. Mt Cook image: ISS005-E-21806 29 November 2002 06:08 
UTC. Presqu'ile Railler du Baty image: ISS011-E-5340 02 May 2002 09:16 UTC; satellite 
and overlay combined images from http://www.kerguelen-voyages.com , 12 June 2006). 

Ampere Glacier is the largest glacier flowing from the Cook Ice Field and drains one-sixth of 
the total glaciated area (Vallon, 1977) (Figure 2.3A). The present day Ampere Glacier reached 
its maximum extent near the turn of the nineteenth century (Frenot et al., 1993). Since the early 
1800s the glacier had two distinct periods of retreat. The first period was between 1799 to 1965, 
when Ampere Glacier was characterised by small fluctuations which resulted in 1 km of retreat 
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2.4. Changes in the glaciers of the sub-Antarctic 

and seven identifiable terminal moraines (Frenot et al., 1993). The second period between 1966 
to 1993 was of a relatively quick retreat resulting in a total retreat of 3 km and no re-advance 
or stabilisation periods (Frenot et al., 1993). This relatively quick retreat has continued with 
an estimated 5 km of retreat between 1967 and 2002 (http://www.kerguelen-voyages.com, 13 
Aug 2006). 

The glaciers of the Presqu'ile Railler du Baty region consist of ice falls, which are debris 
covered and have extensive ice-cored moraines (Mercer, 1967) (Figure 2.3B). The glaciers 
can be separated into two regions le Massif Railler du Baty and the Pic Saint Allouam. The 
Allouarn at 1000 m asl had three glaciers, which terminated at 500 m asl and had extensive 
moraines in the 1960s (Figure 2.3B). The Massif Railler du Baty is 1000 m high and was the 
accumulation area of 14 glaciers. The Brunhes Glacier on the west side of this region reaches 
the coast and was just short of being a tidewater glacier (Bauer, 1963). The glaciers in this 
region have retreated since 1967 (Figure 2.3B). In 2002, the Brunhes Glacier is further from 
the coast and most of the eastern glaciers have retracted back towards the peaks (Figure 2.3B). 

Mont Ross is about 2000m as1 and is the highest point on the island. Mont Ross has many 
cirque, valley and hanging glaciers. On the eastern side of the mountain is the avalanche fed 
Buffon Glacier, which reaches the sea in debris covered ice cliffs but no calving was evident 
in the 1960s (Bauer, 1963). By May 2005 the Buffon Glacier appears to have retreated further 
inland as has many of the other smaller glaciers in this region according to an astronaut photo-
graph from the Earth Sciences and Image Analysis Laboratory, NASA Johnson Space Center 
(Image: ISS011-E-5345 02 May 2005 09:16 UTC). 

The small glaciers that were present on the Peninsule Courbet disappeared between 1931 
and 1952 (Frenot et al., 1993). In 1902, small cirque glaciers were observed on Mt Crozier, Mt 
Werth and Mt. Wyville-Thompson on the Peninsule Courbet (Werth, 1921). In 1928 and 1931 
on the south side of Mt Werth was the small glacier, Gazert Glacier (Aubert de la Rue, 1932). 
On the northwest and southwest slopes of Mt Crozier were several small glaciers (Aubert de la 
Rue, 1932). In 1953, Mt du Château had three small ice remnants which had disappeared by 
1957 leaving only six glaciers on the Peninsula: two each on Mt Werth, Crozier and Amery 
(Mercer, 1967). By 1962, the glaciers on Mt Werth and Mt Crozier had disappeared (Bauer, 
1963). No additional images or published reports were found on the changes of the glacier 
fronts in this region. 

McDonald Islands The McDonald Islands are located at 53°02' S 72°36' E. There are se-
veral islands in the group - McDonald, Meyer Rock, Conning Tower Rock, other small unna-
med rock islets and until 2000 Flat Island. The largest island in the group, McDonald Island, 
had an area of 2.45 km 2 , in 2002. This island is currently volcanically active and has recently 
increased in size encompassing Flat Island (Manning, 2002; Stephenson et al., 2005). There 
are currently no glaciers on McDonald Island and the recent volcanic activity has probably 
erased any paleoglacier features that may have been present on the island. 

Heard Island Heard Island is located in an isolated region of the southern Indian Ocean at 
53°06' S 73°06' E. Glaciers covered 70% of this 367 km 2  island in 1988. Since there has been 
no single year when all of the Heard Island glaciers have been observed Ruddell (2006) used a 
compilation of satellite images and aerial photography from the period 1988 to 1991 to provide 
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2. Recent changes in glacier extent on sub-Antarctic islands 

a baseline of glacier extent. These satellite images were supplemented by aerial photographs 
taken during the 1986/87 summer field season. 

From this complement of images the glacier boundaries and other landforms were outlined 
by screen digitisation and used to produce a Geographical Information System (GIS) derived 
map of the past glacier extents (Figure 2.4). In certain areas a more detailed look at the glacier 
boundaries were necessary especially due to debris-covered ice or seasonal snow cover that 
may have obscured the true glacier extent (Ruddell, 2006). 

In conjunction with this GIS map, Ruddell (2006) provides an inventory of all thirty-two 
glacier basins on Heard Island, including three that no longer contain a glacier (non-glacierised 
basin), which are presented in Appendix A.4. Of the thirty-two glacier basins inventoried by 
Ruddell (2006) there were twenty-nine glaciers that were present in 1991 of which eight are 
located on the Laurens Peninsula and twenty-one on Big Ben (Budd, 2000; Ruddell, 2006). 
In this study the glaciers of Heard Island are separated into two main regions, Laurens Penin-
sula and Big Ben, and three sub-regions within Big Ben (Northern, Eastern and Southwestern 
coasts). 

The Laurens Peninsula is a remnant volcanic peak located to the west of Big Ben. Atlas 
Cove, located between the Laurens Peninsula and Big Ben, is the safest harbour on the island, 
hence this cove was the landing point for many of the early expeditions. The eight glaciers on 
the Laurens Peninsula extend from Anzac Peak (716 m asp, Mt Dixon, and Mt Olsen. From 
1902 to 1929, the majority of the glaciers in the Atlas Cove area had little change in their 
extent (Budd and Stephenson, 1970). By the 1940s the continuous Mt Dixon ice cap, which 
extended to 190m as1 (Ruddell, 2006) had retreated to 200m as1 by 1948 (Lambeth, 1950). 
Jacka Glacier, the largest glacier on Laurens Peninsula, advanced towards the coast until it 
begun to recede by the late 1940s (Ruddell, 2006) followed by widespread retreat by 1954 
(Budd and Stephenson, 1970). 

The majority of the other glaciers in the Laurens Peninsula region also showed little change 
in the early years of observations. By 1954 Jacka Glacier experienced widespread retreat which 
continued throughout the 1960s. The Laurens Peninsula experienced considerable thinning and 
retreat of its summit ice caps during the 1980s. The ice boundary had retreated on average 
500m in the north and only slightly less in the south (Allison and Keage, 1986). Jacka Glacier 
in 1980 had also retreated but to a lesser extent due to its greater catchment area than the 
surrounding ice cap (Allison and Keage, 1986). All of the Lauren Peninsula glacier fronts 
were above 400 m asl by 2000 (Kiernan and McConnell, 2002). 

Further along the coast to the east of Atlas Cove are the Northern glaciers. These glaciers 
extended from either the top of Big Ben or from part way down its slopes. Many of these 
glaciers reached the sea and may have been tidewater glaciers in the 1800s and early 1900s. 
The larger glaciers in this region, including the Baudissin, Challenger, Downes and Ealey gla-
ciers, showed some thinning and in some cases a slight recession in their extents between the 
early 1900s and 2000s (Ruddell, 2006). By comparison the smaller glaciers, such as the Mary 
Powell, Nares and AU1041, had all begun to show signs of retreat by the 1960s, which has 
continued to the 2000s (Ruddell, 2006). The Nares Glacier retreated 0.5 km from the beach to 
an elevation of 200 m as1 between 1947 and 1997 (Ruddell, 2006). 

The Eastern coast glaciers are a combination of larger glaciers that extend from the summit 
of Big Ben to the coast and smaller glaciers that extend from around 1000 m as1 to the coast. 
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Csi 

The  glaciers  along  the  eastern  coast  of Heard Island  show  the  most  dramatic  retreat  compared 
to  any  other  glaciers  on  the  island.  The  first  aerial flight  over  Heard Island  in  1947 indicated that  
Winston  Glacier,  one  of the  larger  glaciers,  had already  begun  to  retreat  from  an  earlier  pos ition  
as  indicated by  the  proglacial lagoon  that  had  formed and which was  open  to  the  sea.  Between  
1947 and 1963 Winston  retreated 1. 6  km  (Budd  and Stephenson,  1970)  and therefore  appeared 
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2. Recent changes in glacier extent on sub-Antarctic islands 

to have the most rapid retreat, possibly resulting from tidewater calving and not necessarily 
from climate. However this was followed by a period of advance in the 1970s, which was later 
lost again in the 1980s (Ruddell, 2006). By the 1960s several of the other glaciers along the 
east coast had begun to retreat (Budd and Stephenson, 1970): AU 1121 retreated to a stagnant 
ice field, Brown and Stephenson glaciers had begun to retreat. By the 1980s Compton Glacier 
had the most substantial retreat of any of the glaciers on Heard Island, it was then 1.6 km inland 
from its 1947 tidewater glacier front (Allison and Keage, 1986) and was 2.5 km inland by 1987 
(Ruddell, 2006). By the mid 1980s Brown and Stephenson were beginning to show signs of 
increased retreat, both had developed proglacial lagoons. Brown Glacier, being smaller, had 
retreated to higher elevations and a total of 1.2 km from the coast between 1947 and 2000. 
Stephenson Glacier had the largest snout of any of the glacier in the eastern region with 30% of 
its ablation area below 400m as1 in 1980 (Allison and Keage, 1986). Between 1947 and 1987 
Stephenson decreased in area by 18 % (Ruddell, 2006) although this was not a steady retreat, 
instead there was a dramatic acceleration in retreat from 1987 to 2000 of -100 m a -1  of the 
northern margin (Kiernan and McConnell, 2002). This increased retreat has continued to 2006 
with the opening of a water way between the two proglacial lagoons that have formed near the 
terminus of Stephenson Glacier. 

There are very few observations or reports on the glaciers along the Southwestern coast due 
to their relative inaccessibility and the predominately harsher weather conditions along this 
coast. Fiftyone, Lied, Abbotsmith, Allison and Vahsel glaciers are fed by the Big Ben Plateau 
and extend to the coast in steep ice cliffs which were actively calving in 1947 (Ruddell, 2006). 
The Deacock and AU 1191 glaciers terminated along a narrow coastal strip and at the start of a 
coastal plain, respectively (Ruddell, 2006). 

There was little change to the larger glaciers along the Southeastern coast (Gotley, Lied, 
Abbotsmith and Allison) between 1947 and 2000 (Ruddell, 2006) and they all still actively 
calved into the sea. However there had been some thinning of their inland margins (Ruddell, 
2006) implying that climate factors in may result in a negative mass balances. There appeared 
to be some continued retreat of the Fiftyone Glacier shown in 1997 RADARSAT imagery 
(Ruddell, 2006). By 2000, the Deacock Glacier only just reached the top of an inland rock 
cliff. This was a retreat of 1 km in distance and 350m in elevation since 1947 (Ruddell, 2006). 
In 1997, the Vahsel Glacier still terminated near the beach but appeared to have stopped or 
slowed calving rates (Ruddell, 2006). 

2.4.2. An island in the southern Atlantic Ocean - Bouvetoya 

Located at 54°26' S 3°24' E, Bouvetoya (Bouvet Island) is the most isolated island on Earth 
given that the nearest substantial landmass is more than 1,600 km away. Bouvetoya's highest 
peak is Olavtoppen, at 935 m, which is on the rim of an ice filled crater of an inactive volcano, 
Wilhem II Plateau. The island is situated approximately 500 km south of the Polar Front. 

Glaciers cover 93% of the 54 km 2  island (Ashworth et al., 2000). The eastern end of the 
island is entirely covered in ice that reaches the coast in a broad front (Mercer, 1967). The nor-
thern and western sides of the island are steeper and have less snow coverage. The steep cliffs 
along the north, west and southwest coasts inhibit landing sites, as do the sea level terminating 
glaciers along the south and east coast (Ashworth et al., 2000), making the island very difficult 
to land on by sea, hence there have been few visits. 
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2.4. Changes in the glaciers of the sub-Antarctic 

There are few published glaciological studies on BouvetOya. The Valdivia Expedition in 
1891 made some sea-based observations of Horntvedtbreen, located on the north coast near 
Possadowsky Glacier, and the surrounding glaciers. This expedition was followed by the Nor-
vegia Expedition from 1927 to 1930 during which aerial photographs were taken in 1929/30. 
These photographs were used to determine terminal changes in the Christensenbreen, on the 
south coast, between 1891 and 1929, during which there appears to be little or no change. But 
from 1929 to 1955 there was more rock exposed surrounding the glacier (Mercer, 1967). In 
1929, during the Norvegia Expedition, the snowline was observed to be at 100 to 200 m asl 
(Holtedahl, 1929). Later in 1955 a South African expedition found less snow and ice coverage 
than in 1929 (Mercer, 1967). Photographs taken in the late 1970's by Norwegian Antarctic 
Research Expeditions (NARE) were compared to the 1929 aerial photographs (Orheim, 1981). 
NARE in 1976/77 and 1978/79 observed that these glaciers had retreated to 140 to 200 m asl 
(Orheim, 1981). Orheim (1981) observed that the ELA of the glaciers ranged from 200 to 
350 m asl. The highest ELAs being on the glaciers located along the north and west facing 
slopes, similar to the ELA observations made in 1929. Orheim (1981) goes on to suggest that 
the glacier frontal positions are determined by the topography of the island and therefore are 
not very sensitive to climate change. Yet he finds a trend in the climatic conditions over the last 
50 years which has been reflected in the retreat of glaciers in seven locales (-0.12 km 2  total 
area loss) where only one glacier has advanced (by 0.12 km2 ) over this period (Orheim, 1981), 
which implies a net area change of zero for the total glacier coverage over this period. Since the 
1970s there have been no additional studies specifically on the glaciers of BouvetOya despite 
an expedition in 1985 to map the island and later expeditions in 1996/97, 1998/99, 2000/01, 
2001/02 and 2007/08. 

2.4.3. Islands of the Scotia Sea 

The Scotia Sea is part of the Southern Ocean between Tierra del Fuego, the Antarctic Peninsula 
and South Georgia. The aerial landforms along the Scotia Arc include Shag Rocks, South 
Georgia, the South Sandwich Islands, the South Orkney Islands and the South Shetland Islands. 

The islands from this region have been visited more often than the southern Indian Ocean 
sub-Antarctic islands and Bouvetoya because these islands are located near South America and 
have been the location of extensive whaling from the late 1800s to the middle of the 1900s. 

South Georgia South Georgia, located at 54°20' S 37°00' W, is the largest of the islands 
in the Scotia Arc. South Georgia is a long (170 km), narrow (2 to 40 km), mountainous island 
(Figure 2.5). Its highest peak is Mt Paget at 2934m asl with 19 other peaks over 2000m asl. 
The island is dominated by two ranges, the Allardyce and Salvesen, which extend over two-
thirds of the length of the island along the southwestern shore. Northwest of the Allardyce 
Range the peaks are more scattered and lower (700 to 1000 m as1). Many of these high peaks 
support the glaciers that cover 56 to 58% of the island (in 1959 to 1989) (e.g., Smith, 1960; 
Hayward, 1983; Clapperton et al., 1989) making it the most glaciated island in the Scotia Arc 
with a total glacierised area of 1955.1 km 2  (in 1958) (Hayward, 1983). 

The island can be divided into three areas of glaciation: northeast of the Allardyce and Sal-
vesen Ranges, southwest of the Allardyce and Salvesen Ranges and northwest of the Allardyce 
Range (Hayward, 1983). The glaciers to the northeast of the Allardyce and Salvesen Ranges 
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2. Recent changes in glacier extent on sub-Antarctic islands 

Figure 2.5.: A MODIS 	satellite image of South Georgia (available at 
http://earthobservatory.nasa.gov/Newsroom/).  

are generally cirque glaciers. The glaciers to the southwest of the Allardyce and Salvesen 
Ranges are steeper, cirque glaciers that flow into the sea. The glaciers to the northwest of the 
Allardyce Range are in a region of low peaks with gentle sloping, wide glaciers that flow from 
large snowfields (Hayward, 1983). The area of the northwestern peninsula is the only part of 
South Georgia that has remained ice free since occupation due to its low topography (Hayward, 
1983). 

The  island has been occupied continuously since  1904  — first by whalers, after 1965 by 
government officials, and currently by the British Antarctic Survey (BAS). Apart from some 
minor  glaciology work by the German International  Polar  Year Expedition in 1882/83 there 
were  no glaciological studies  on  South Georgia until 1957/58 when Smith (1960) of the Falk-
land  Islands Dependencies Survey (now BAS) spent two years studying the Hodges Glacier 
and a  few other glaciers. Then from 1971 to 1977 BAS maintained a glaciological program, 
concentrating on the mass and energy balance of Hodges Glacier (Hayward, 1983). Between 
1955 and 1982 the Hodges Glacier had retreated along both its front and lateral margins (Fi-
gure  2.6A and B). The glacier continued to retreat through to 2002 (Figure 2.6C), by which 
time there had been significant retreat of the glacier over this 20 year period such that one 
could  almost struggle to call it  a  glacier any more (A. Ruddell pers. corn. 2002). 

The changes in frontal extent of the South Georgia glaciers can be summarised by a slight 
advance around 1910 and followed by a short retreat of some glaciers (Hayward, 1983). This 
was soon followed by another advance, with a maximum in the late 1920s (Hayward, 1983). 
There  was a small retreat through the 1940s and a small advance in the 1950s (Hayward, 1983). 
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2.4. Changes in the glaciers  of  the sub-Antarctic 

Figure 2.6.: A compilation of the glacier front changes on Hodges Glacier, South Georgia 
from: A) 1955, B) 1982 and C) 2002. Note the recession of the lower glacier tongue and 
thinning of the ice of the left and right headwalls between February 1955 (Photo: H. Pretty, 
British South Georgia Expedition) and 23 January 1982 (Photo: J. Gordon) (Gordon and Tim-
rnis, 1992). There are also several new rock outcrops exposed in 1982. Between 1982 and 
2002 (Photo: S. Lurcock) there has been considerable retreat of the glacier. The white stars 
mark the same peak in all photographs. Note that the glacier has retreated further up valley by 
2002. 

Since the 1950s there has been a slow retreat for all except the larger glaciers (Hayward, 1983; 
Gordon and Timmis, 1992) followed by a continuing retreat through the early 1980s. Gordon 
et al. (2008) recently provided an update of South Georgian glaciers from  the  early 1980s to 
the mid 2000s. They observed the frontal changes on 36 of the 160 glaciers that are found on 
South Georgia. Of these glaciers, 28 are retreating, two are advancing  and  six are relatively 
stable (Gordon et al., 2008). 
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2. Recent changes in glacier extent on sub-Antarctic islands 

South Sandwich The South Sandwich Islands are a group of eleven islands centred around 
57°45' S 26°30' W. The island group can be split into three regions: the Traversay Islands 
(Zavodoski, Leskov and Visokoi islands), the Candlemas Islands (Candlemas and Vindication 
islands), Southern Thule (Bellinghausen, Cook and Thule islands); and into three main islands: 
Montagu, Saunders and Bristol. The islands bend along a - 400 km arc making up the eastern 
edge of the Scotia Sea ranging from 58°18' S to 59°28' S and 26°14' W to 28°11' W. 

The Discovery voyage encountered the South Sandwich Islands in February 1930 (Kemp 
and Nelson, 1932). Following the Discovery cruise very little information on the glaciers of 
these islands appears to be available except for their present extent. In fact many sources (e.g., 
Mercer, 1967; French, 1974) still refer to Kemp and Nelson (1932) for information on the 
glacial history of these islands. 

Zavodovski Island has a glacierised area near the summit on all but the western side, as vol-
canic activity is concentrated on this steep western side of the island. Photographs compared 
between 1932 and 1962 indicated that there is little change in the islands features over this per-
iod (it is assumed that the glaciers are included in this statement not just the volcanic features) 
(Holdgate, 1963). It is unclear from recent photos if the glaciers have changed in size. 

Visokoi Island was predominately glacier covered, in 1932, despite being volcanically active 
(Kemp and Nelson, 1932). No recent images of the island were found to compare with the 1932 
photograph. 

The southern region of Candlemas Island was almost completely covered in glaciers in 1932 
(Kemp and Nelson, 1932) (Figure 2.7A). A recent satellite image of the island (2006 Google 
Earth-DigitalGlobe/NASA/Europa Technologies) shows that there may be some decrease in the 
glacier extents (Figure 2.7B). Many of the finer features in Figure 2.7B such as: (a) meltwater 
lakes forming at the terminus of what appears to be one of the larger glaciers, (b) a vegetation 
line, and (c) distinct meltwater streams above the cliff lined coast, are better identified from the 
original image (available from Google Earth), due to the limited image resolution reproduced 
here. Each of these small scaled features indicates that there has been some shrinkage of the 
northern glaciers on Candlemas Island. 

In 1932, Vindication Island was volcanically inactive (Kemp and Nelson, 1932; Mercer, 
1967; French, 1974; Holdgate, 1963) and had one thin glacier that flowed down the northeastern 
side of the peak (Kemp and Nelson, 1932) (Figure 2.7C). The glacier has contracted in size to 
occupy only the summit of the island (Figure 2.7B). 

In 1932, glaciers on Sunders Island extended to the coast on the eastern and western sides of 
the island, where the northern side of the island was relatively snow free. No recent images of 
the island could be found. 

Montagu Island is the largest of the South Sandwich Islands. Mt Belinda, at 1371 m asl, 
is heavily glaciated. In 1932, the glaciers radiated from the top of Mt Belinda to the coast 
terminating either in long steep ice cliffs, like the 8 km long one along the east coast, or in 
crevassed ice falls extending to sea level or as hanging glaciers above cliff faces (Kemp and 
Nelson, 1932) (Figure 2.8A and B). A satellite image from 2006 (Terre/ASTER image NASA) 
may show that some of the glaciers may no longer reach the sea along the eastern coast (Figure 
2.8C). 
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2.4. Changes in the glaciers  of  the sub-Antarctic 

Figure 2.7.: Images from Candlemas and Vindication islands. A) Kemp and Nelson (1932) 
note that the Candlemas 1932 photograph shows the island seen from the NW. At the back 
of the image are the high glaciated summits of the south-eastern part of the island. In the 
foreground, the north-eastern basaltic plateau with its active volcanic cone. B) The middle 
image is of Candlemas and Vindication islands from a recent satellite image (2006 Google 
Earth-DigitalGlobe/NASA/Europa Technologies). C) Kemp and Nelson (1932) note that Vin-
dication is seen from the east in this 1932 photograph. The smaller features to the left include 
Caster and Pollut rocks. The stars and arrows in the images are to help orientate of the peaks 
on the two islands. 

In 1932, Bristol Island was almost entirely covered in glaciers. The majority of these glaciers 
extended to the coast, and the rest terminated as hanging glaciers (Kemp and Nelson, 1932). 
No recent images of the island could be found. 

Cook is the largest and highest island in the Southern Thule Group, reaching an elevation 
of 1,077 m (French, 1974). In 1932, the island was entirely covered in glaciers. An ASTER 
satellite image from 2003 of the island is inconclusive as to whether there has been any change 
in the glacier size. 

Thule Island is the southern-most island of the South Sandwich island chain. In 1932, the 
island was covered in glaciers, except in the southwest where there was a large rock outcrop 
that the glaciers flowed around, and a lava plateau in the southeast, which was snow free (Kemp 
and Nelson, 1932). An ASTER satellite image from 2003 of the island is inconclusive as to 
whether there has been any change in the glacier size (http://www.volcano.si.edu/world,  15 
April 2006). 
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2. Recent changes in glacier extent on sub-Antarctic islands 

Figure 2.8.: Two photographs of Montagu Island taken  in  1932. A) Kemp and Nelson (1932) 
note  that this 1932 image is of a conical hill at the south-eastern corner of the island. There are 
indications that this promontory still retained some of  its  volcanic heat. B) This 1932 image 
is  of  the north-eastern end of the island as seen from the NNW. It shows rock outcrops and a 
tidewater glacier (Kemp and Nelson, 1932). C) The bottom image is an Advanced Spacebourne 
Thermal  Emission and Reflection Radiometre (ASTER) satellite image of the island taken from 
NASA's Terra satellite on 28 October 2006. The approximate view point of the photographs 
are indicated on the satellite image of Montagu. 

2.5. Regional implications 

In  the late 1700s and early 1800s all of the southern Indian Ocean sub-Antarctic island glaciers 
were relatively stable, with only small or minor fluctuations (Figure 2.9). This is true for 
all the  islands except for the Crozet Group, where there  is  no evidence of recent glaciation. 
South  Georgia, South Sandwich Islands and Bouvetoya were also relatively stable from their 
discovery  to the early 1900s (Figure 2.9). 

By the 1950s to 1960s the glacier frontal positions were observed to have begun to retreat on 
Marion, Kerguelen, Heard, South Georgia and Bouvetoya. Difficulties arise when attempting 
to  narrow  the timing of this event due to the sporadic  visits  to the islands before the end of 
WWII. 

The  retreat of the glacier fronts that began in the 1950s and 1960s has continued today. By 
1997 all of the glaciers on Marion had retreated to a small, isolated snow pack in the lee of 
the summit crater. On Kerguelen the five glaciated regions had all decreased in size with the 
Presqu'ile Courbet glaciers disappearing altogether. On Heard dramatic retreat was evident 
on  the  east coast, Laurens Peninsula and the lower elevation glaciers. The larger northern and 
southeastern coastal glaciers had experienced only slight thinning. On South Georgia all but 
the largest of the glaciers had begun to show signs of retreat. Bouvetoya remains the most 
ice covered of these islands, yet those glaciers too were beginning to show evidence of retreat 
and thinning. On the South Sandwich Islands it is assumed, supported by retreat observed in 
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2. Recent changes in glacier extent on sub-Antarctic islands 

Polar Front, whereas Heard, Bouvetoya, South Georgia and South Sandwich islands are south 
of the Polar Front (see Section 3.2 for location of the Polar Front). The influence of the Polar 
Front can been seen best by comparing the climate on Kerguelen and Heard islands. These 
two islands are only 440 km apart yet they are separated by the Polar Front, which results in a 
significant difference in the temperatures on the two islands, with Kerguelen annual tempera-
tures typically being between 2.1 and 3.7°C warmer then Heard (see Section 3.5). The greater 
change in temperature for latitudes above the Polar Front result in the more rapid decrease in 
glacier coverage than the lower temperatures found on islands located to the south of the Polar 
Front. Temperature records collected on the SIO sub-Antarctic islands (see Section 3.3) also 
show that there is a greater rate of warming occurring in the north (e. g., Marion) compared to 
the south (e. g., Kerguelen and Heard). 

2.6. Conclusions 

The changing climate especially the increasing temperature and decreasing precipitation (see 
Section 3.5) in the sub-Antarctic has resulted in the retreat of many of the glaciers on Marion, 
Kerguelen, Heard, Bouvetoya, South Georgia and South Sandwich islands. Further increases in 
temperature as predicted by the recent IPPC report (IPCC, 2007) will result in additional retreat 
and eventual disappearance of these glaciers over time. This review of the glacier changes that 
have occurred over the last 100 years emphasises the need for more detailed mass balance 
studies, which can be used to quantify the ongoing changes in these glaciers and the local 
climates in which they exist. 
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3. Regional climate variability of the 

southern Indian Ocean 

3.1. Introduction 

There are very few published studies that concentrate on the climate of the southern Indian 
Ocean alone, therefore one must derive the historical climatic conditions from broader scale 
reports. From the mid 1800's until 1920, when sailing ships criss-crossed the region, a clear 
indication of the historical weather patterns could be derived from their sailing routes. Few 
ships sailed south of 500  S at the beginning of the 1900s therefore little was known about 
Antarctic waters (Taljaard and Van Loon, 1984). It was not until motorised vessels ventured 
further south in search of whaling grounds that weather records for the region south of 50° S 
became available. Further, it was not until after WWII, that a better understanding of the 
climate of the southern Indian Ocean was developed, with the establishment of meteorological 
observation stations on several mid-latitude islands. 

Temperature and precipitation records are both available from the majority of the land-based 
meteorological stations in the southern Indian Ocean. These stations are spread over a wide la-
titudinal range (37° S to 54° S) and are the best available data for comparison of the variation in 
temperature and precipitation across this region. Temperature and precipitation are closely lin-
ked to one another, and are essential climatic factors to examine to determine their relationship 
to glacier mass balance. The height of the equilibrium line altitude (ELA) is the determining 
factor as to whether a glacier continues to exist (Section 5.3.1). The amount of winter precipi-
tation and variability in summer temperature are dominant factors that control the height of the 
ELA. 

A review of the meteorological records from Heard, Kerguelen, Marion, Crozet, and New 
Amsterdam islands highlight the limited availability of data for the southern Indian Ocean. 
Despite the sparsity of data, this study estimates any changes in the last -60 years of tempe-
rature and precipitation for each meteorological station and attempts to link these changes to 
variations in the local glaciers. 

3.2. Background on the southern Indian Ocean 

The Indian Ocean is bounded by Africa, Asia, Australia and the Southern Ocean (at 60° S) 
and separated from the Atlantic Ocean by the 20° E meridian (south of Cape Agulhas, South 
Africa) and from the Pacific Ocean by the 147° E meridian (south of Hobart, Tasmania). It is 
the third largest ocean behind the Pacific and Atlantic oceans but bigger than the Southern and 
Arctic oceans, with an approximate area of 68.6 x10 6  km2  (CIA factbook, 12 Jan. 2006). 

The Indian Ocean can be separated into at least three different regions; northern, equatorial, 
and southern. It is in the southern Indian Ocean (hereafter referred to as SIO) that Heard, Ker- 
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3. Regional climate variability of the southern Indian Ocean 

guelen, Marion, Crozet and New Amsterdam islands are located. The SIO northern boundary 
varies between published reports (e.g., Taljaard and Van Loon, 1984; Xie et al., 2002) but 
an approximation would be at 30° S. While the eastern, western and southern boundaries are 
delineated by the neighbouring oceans at 20° E, 147° E and 60° S respectively (Figure 3.1). 
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Figure 3.1.: A map of southern Indian Ocean region including some of the major subsurface 
features (ridges, rises and plateaus) and land masses. Not all of the features of the Indian 
Ocean are shown (e. g., Java Trench). This map was created using the Generic Mapping 
Tools (GMT) program and the Online Map Creation (OMC) website (http://www.aquarius.ifm-
geomar.de/omc_intro.html,  15 January 2008). 

The climate of the SIO is influenced by the synoptic scale eddies. The mean tropospheric 
winds are at a maximum in the westerlies direction around 45° S (Turner and Pendlebury, 
2004). In general, to the north of this region there tends to be more anticyclone eddies where as 
to the south there tends to be more cyclonic eddies dominating (Turner and Pendlebury, 2004). 
The climate of the SIO is also dominated by the influence of the Antarctic Circumpolar Current 
(ACC). To the north of the ACC there is a ridge of high pressure at about 25° to 35° S and a 
trough at 65° S. In between are strong westerly winds and frequent storms. The essentially 
uninterrupted fetch of the winds around the Antarctic continent results in the largest average 
wave height of any of the oceans (Tomczak and Godfrey, 1994). This region of strong winds 
also has a broad band of precipitation, although in general there is little rain or snowfall data 
measured across the SIO (Tomczak and Godfrey, 1994), however temperature data has a much 
wider coverage, the temperature south of 40° S decreases more rapidly then between 40° S and 
the equator (Turner and Pendlebury, 2004). 

The main oceanographic features of the SIO are frontal bands consisting of several circum-
polar quasi-uniform belts divided by fronts and of narrow regions of sharp changes in the 
vertical temperature, salinity and nutrient structure (Belkin and Gordon, 1996). There are se-
veral different definitions of these fronts which seems to depend on the data set and the authors, 
examples are listed in Stramma (1992), Park et al. (1993), Orsi et al. (1995), Belkin and Gordon 
(1996), Sparrow et al. (1996), and Moore et al. (1999). 

The Antarctic Circumpolar Current (ACC) is the dominant feature in terms of transport in 
the southern hemisphere (Rintoul et al., 2001) (Figure 3.2). This current is driven by the strong 
westerly winds that are found between 45° and 55° S (Orsi et al., 1995). The width of the 
ACC varies considerably with changing longitude and is strongly effected by local topography. 
The boundaries of the ACC have been defined by Orsi et al. (1995) as the region between 
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3.2. Background on the southern Indian Ocean 

the southern extent of the Upper Circumpolar Deep Water (UCDW), which is characterised 
by low oxygen and high nutrient concentrations, and the northern extent  of  the Sub-Antarctic 
Surface Water (SASW), which is cooler and fresher than the nearby Subtropical Surface Water 
(STSW). 

The ACC is associated with several frontal jets, which are responsible for the eastward mass 
transport. The dominant ACC fronts are identified, from north to south, as the Sub-Antarctic 
Front (SAF), the Polar Front (PF), and the Southern ACC Front (SACCF) (Figure 3.2). Some 
of the surrounding fronts that are also referred to in this thesis are the Sub-tropical Front (STF) 
and the Agulhas Return Front (ARE) (Figure 3.2), both of which are to the north of the ACC. 

Figure 3.2.: Schematic summary of the positions of the ocean fronts determined from the ana-
lysis of the Hydrographic Atlas of the Southern Ocean by Sparrow et al.  (1996).  ARE: Agulhas 
Return Front; STF: Subtropical Front; SAF: Sub antarctic Front; PF: Polar  Front;  and SACCF: 
Southern Antarctic Circumpolar Current Front. Adapted from Sparrow et  al.  (1996). 

A variety of factors are used to distinguish the fronts within the ACC, although most often 
it is the potential temperature and salinity (Orsi et al., 1995; Sparrow et al., 1996; Belkin and 
Gordon, 1996). These fronts are not always distinct features. In fact in  the  SIO these fronts 
can merge. For instance, both the SAF and PF and the STF and ARF are found to be in close 
proximity (Rintoul et al., 2001) (Figure 3.2). The merging of these systems produce some of 
the largest temperature and salinity gradients in the world's oceans (e.g., Orsi et al., 1995; 
Sparrow et al., 1996). In addition to the merging of fronts there are regions of the SIO (e. g., 
near the Kerguelen Plateau) where SAF and PF both split into two branches (Rintoul et al., 
2001). 

Oceanography near the Kerguelen Plateau There has been much debate as to whether 
the PF is north or south of Kerguelen Island (e.g., Belkin and Gordon, 1996; Sparrow et al., 
1996; Moore et al., 1999; Rintoul et al., 2001), although most studies agree  that  the subsurface 
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3. Regional climate variability of the southern Indian Ocean 

and surface PF paths are persistently split through this region. Sparrow et al. (1996) noted that 
the subsurface PF path tends to pass north of Kerguelen Island and the surface path passing 
southward crossing the Kerguelen Plateau between — 56 to 57° S in a region of deeper bathy-
metry. But Moore et al. (1999) found that the PF varies over a wide range in this region from 
mapping satellite data from 1987 to 1993, spanning nearly 10 0  of latitude. Generally the PF is 
found close to Kerguelen Island, which is reflected in the island's warmer sub-Antarctic climate 
and biogeography, compared with Heard Island, which has a cooler sub-Antarctic climate and 
biogeography and is located well south of the PF (Belkin and Gordon, 1996). 

3.3. Meteorological stations in the SIO 

There are five sub-Antarctic meteorological stations that are examined in this study. The ma-
jority of these stations recorded temperature, pressure, wind speed and direction, precipitation, 
and relative humidity. In this study the temperature and precipitation data were concentra-
ted on. Air temperature is one of the easiest variables to measure and most widely available 
meteorological variable for many locations in the SIO. Precipitation records in the SIO are 
available also from the majority of the stations. These two variables are important factors in 
the relationship between glacier mass balance and climate. 

3.3.1. Marion Island 

The first of the SIO stations was opened by South Africa on Marion Island (the largest of the 
Prince Edward Islands) at Transvaal Bay in 1947 (Figure 1.1) (http://marion.snap.org.au , 11 
April 2007). This meteorological station was one of the prime reasons for the island's conti-
nued occupation. In fact, the Marion meteorological station has the longest, uninterrupted 
meteorological records of all the southern Indian Ocean stations. Today the station is predomi-
nantly automated although surface observations and twice daily radiosondes are still launched 
by hand (http://marion.snap.org.au , 11 April 2007). Observations include temperature, rainfall, 
sunshine, radiation, wind speed and direction, barometric pressure, humidity, sea surface tem-
perature, cloud type and weather conditions. The upper air radiosondes record temperature, 
pressure, humidity, wind speed and wind direction up to 30,000 m elevation. 

The Marion Island meteorological station (World Meteorological Organization (WMO) # 
68994) measured air temperature at a site 24 m asl from April 1948 to present, with one gap in 
data between April 2004 and April 2005 due to a faulty computer on the island (pers. com . V. 
Smith, 15 May 2007). The maximum and minimum daily temperatures for September 1948 to 
February 2007 for Marion Island were provided by the South African Weather Service (pers. 
corn. C. de Villiers, 2 May 2007). Monthly temperature records (April 1948 to July 2006) 
are also available on the Antarctic READER website at: www.antarctic.ac.uk/met/READER/  
temperature.html. The average values listed on the website are from a combination of sources 
but predominately from the monthly issues of South African Weather Service CLIMAT publi-
cation. The Antarctic READER website data were checked using the South African Weather 
Service hourly temperature data by V. Smith, resulting in the correction of some READER 
website data (pers. corn. J. Jacka, 14 April 2007). 

The monthly average temperatures used in this study for Marion Island were derived by 
combining the Antarctic READER website (April 1948 to December 1999), the corrected va- 
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3.3. Meteorological stations in the SIO 

lues of V. Smith (January 2000 to December 2003), the daily average maximum and minimum 
values from the South African Weather Service Service (January 2004 to March 2004) and the 
monthly issues of CLIMAT (May 2005 to July 2007) (Figure 3.3 and Appendix C. I). 
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Figure 3.3.: Marion Island monthly temperature records from April 1948  to  July 2007 and the 
annual average temperature (green line) for years with no more than one month of missing data 

Precipitation records for Marion Island were provided by the South African Weather Service 
(pers. corn. C. de Villiers, 2 May 2007). Measurements were made of daily rainfall in a rain 
gauge located at 24 m asl. The precipitation records in this analysis are from January 1949 
to July 2007 (Figure 3.4 and Appendix C.1). These records are essentially continuous except 
for a few total monthly values missing and no data for April 2004 to April 2005. Additional 
monthly values were removed if the South African Weather Service indicated that the values 
were unreliable due to missing daily values. 
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Figure 3.4.: Marion Island total monthly precipitation from 1948  to  2007. 

3.3.2. Heard Island 

The next station to be opened was on Heard Island, by Australia, on 1 February 1948 at At-
las Cove (Figure 1.1 and Table 3.1) and was located 3 m as1 at 53°01'12"  S  73°23'24" E.  It 
remained open until December 1954 recording surface temperature, relative humidity, preci-
pitation, wind speed and direction, barometric pressure, mean sunshine duration and included 
daily radiosonde launches. Subsequent to the closure of the Atlas Cove station, intermittent 
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3. Regional climate variability of the southern Indian Ocean 

observations were made during the 'summer' months. For example, in 1963, 1986, and 1987 
at Atlas Cove (Table 3.1). 

Table 3.1.: A list of the reported Atlas Cove and Spit Bay measured meteorological variables 
and dates of observation. Not all records mentioned in other studies could be found for analysis 
in this study. The available records can be obtained from Australian Government Bureau of 
Meteorology (BoM) and from the published Heard Island field reports as noted in the text. 

Station 	 Meteorological observation 	 Dates of operation 

Atlas Cove 

Atlas Cove 

Atlas Cove 
Atlas Cove 

Atlas Cove 

Atlas Cove AWS 
Atlas Cove 

Atlas Cove AWS 
Spit Bay 
Atlas Cove 

Atlas Cove/Spit Bay 
Atlas Cove AWS 
Spit Bay 

Spit Bay 

Spit Bay AWS 
Atlas Cove AWS 
Spit Bay AWS 

Rainfall, Air temperature (wet and dry bulb), dew 
point, wind speed and direction, barometric 
pressure, mean sunshine duration 
Air temperature, relative humidity, wind speed 
and direction, air pressure 
No records found 
Air temperature, wind speed and direction, air 
pressure, cloud cover 
Air temperature, relative humidity, wind speed 
and direction, precipitation, radiation, cloud 
cover, air pressure 
Air temperature 
No records found 

Faulty transmission 
Air temperature No records found 
Air temperature, relative humidity, wind speed 
and direction, barometric pressure, cloud cover 
Air temperature. No records found 
Temperature, wind speed and direction, radiation 
Precipitation type, air temperature, wind speed 
and direction, barometric pressure, cloud cover 
and height, and dew point 
Rainfall, air temperature, wind speed and 
direction, air pressure, cloud cover, sea surface 
temperature 
Air temperature, air pressure 
Air temperature, air pressure 
Air temperature, air pressure 

February 1948 to December 1954 

February 1963 

January 1965 
April to October 1969 

February to March 1971 

April 1980 to February 1983 
January to February 1983 (Project 
Blizzard) 
September to November 1985 
September to November 1985 
November 1986 to January 1987 

September 1987 to February 1988 
March to September 1988 
May to June 1990 

March 1992 to February 1993 

July to November 1995 
May 1997 to present 
April 1997 to present 

Additional annual systematic synoptic observations were made at Spit Bay Station, on the 
eastern coast of Heard Island, from March 1992 to February 1993 (Table 3.1). The station was 
located at 53°06'25"S 73°43'16"E and at 12m asl. Synoptic observations have also been 
made at Spit Bay during the shorter summer seasons (Table 3.1). 

In addition to the manned meteorological stations on Heard Island, various AWS have been 
deployed near both the Atlas Cove and Spit Bay stations (Table 3.1). These AWS have had 
variable success since the beginning of the 1980s. The Atlas Cove AWS site is located at 5 m 
asl on a low lying volcanic sand covered isthmus (The Nullabor) and is generally exposed to 
the prevailing westerly winds and maritime conditions (Thost and Allison, 2006). Although 
there can be some screening of the wind from Laurens Peninsula for the most part the Atlas 
Cove station is well situated to record the prevailing conditions on the western end of the island 
(Gibbs et al., 1952). The Spit Bay AWS is located at 12m asl where the prevailing weather 
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3.3. Meteorological stations in the SIO 

conditions are strongly influenced by the topography of Big Ben (Thost and Allison, 2006) and 
Dovers Moraine (Green, 1993b). 
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Figure 3.5.: Heard Island monthly and annual (green line) temperatures, A. Atlas Cove 1948 
to 2007 and B. Spit Bay 1990 to 2007. 

Temperature records at Atlas Cove (WMO #300005) consist of two long periods of measu-
rements from 1948 to 1954 and 1997 to 2007 and several shorter periods of records, including, 
1963, 1971, 1980 to 1983, 1986/87, and 1988 (Figure 3.5, and Appendix C.2). The Atlas Cove 
records are available in a variety of forms. The 1948 to 1954 data are published in ANARE 
Research Notes (Gibbs et al., 1950; The Central Office, Meteorological Branch, 1953a,b,c; The 
Bureau of Meteorology, 1955a,b, 1957) and made available in digital format by BoM. These 
manual measurements were made every —3 hours from 1 February 1948 until 31 December 
1954. The 1963 records were manually recorded every —3 hours by ANARE expeditioners 
from 30 January to 7 March 1963 and made available in digital format by BoM. Between 3 
April and 20 October 1969 measurements were made every two to four hours and are now 
available in electronic format from the Antarctic, Climate and Ecosystem Cooperative Re-
search Centre (ACE CRC). From 27 January to 8 March 1971 six hourly observations were 
made of the air temperature and sent twice daily to BoM via Mawson Station (Allison, 1980). 
The 1980 to 1983 data were made available by BoM. These monthly average temperature re-
cords were calculated from AWS data that operated from April 1980 until February 1983. The 
1986/87 summer temperature records (24 November 1986 to 20 January 1987) were measured 
manually by ANARE expeditioners at — 3 hour intervals. In 1988, an AWS was again installed 
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3. Regional climate variability of the southern Indian Ocean 

at Atlas Cove. It recorded 4, 2 and I m air temperature (A1T4, AiT2 and AiT1, respectively) 
and 10 cm subsurface temperature (SST.1) from 2 March 1988 until 30 May 1988 then inter-
mittently until 3 September 1988 when the instrument failed. Finally in 1997 another simple 
AWS was deployed at Atlas Cove. This instrument continues operation to present. The AWS 
records air temperature at 1 to 6 hour intervals, these data are available from BoM. 

Spit Bay (WMO #300085) temperatures have been recorded intermittently over the last 20 
years (Figure 3.5 and Appendix C.2). The first few measurements were recorded during sum-
mer expeditions (1985 and 1987/88, although these records could not be found) with the first 
annual temperatures recorded from March 1992 to February 1993 (Table 3.1). Not until an 
AWS was installed at Spit Bay were more continuous records available from April 1997 on-
wards. Upon the recommendation of BoM the May and June 2005 records were removed from 
further  analysis (high peak in temperature) (pers. corn. D. Thost, 7 August 2007). 

The daily precipitation records for Heard Island are shorter than those from the surroun-
ding  islands. On Heard Island the daily precipitation was measured at Atlas Cove between 
February  1948 and December  1954  and February 1971 (Figure 3.6). Daily precipitation was 
also measured from  Spit  Bay from March 1992 to February 1993 (Figure 3.6). The most recent 
precipitation measurements were collected at four fields camps (Capsize Beach, Jacka Valley, 
Spit Bay and Brown Hut) from the end of December 2003 to the middle of February 2004 
(Figure 3.6). The  total  precipitation from these three stations over the 66 days of collection 
during 2003/04 was: 653 mm at Brown Hut, 257 mm at Spit Bay, 316 mm at Capsize Beach 
and 499 mm at Jacka Valley (only the January values are used in Figure 3.6). 

i Capsize Beach 

01) 	• 
Spit BaNyi. 

Brown Hut 
• 

Jacka Valley 
• 

Jan-47 
	

Jan-57 	Jan-67 	Jan-79 	Jan-87 	Jan-97 	Jan-07 

Date 

Figure 3.6.: Heard Island monthly precipitation records. 

3.3.3. The French islands — New Amsterdam, Kerguelen and Crozet 

In April 1949. the French parliament approved construction of a meteorological station on 
New Amsterdam Island  (Figure  1.1). The Martin de Vivies Station, which began opera-
tion on 11 March 1950, was included in this study,  even  though it is a mid-latitude island, 
because it has some of the longest continuous meteorological records in the SIO. The sta-
tion  is located at 37°48' S 77°32'  E  and an elevation of 28 m (Auzeneau, 1994). The ob-
servations made at this station include temperature, precipitation, relative humidity. air pres-
sure, wind speed and direction and daily radiosonde  launches  (beginning in March 1951) 
(http://www.ucm.es/info/cif/station/fr-marti.htm,  11  April  2007). 
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3.3. Meteorological stations in the SIO 

On 2 January 1950, the French began operating a meteorological station at Port-aux-Francais, 
Kerguelen Island, at 49°21' S 70°13' E and 12 m asl (Auzeneau, 1994) (Figure 1.1). Observa-
tions made since 1950 include temperature, precipitation, relative humidity, air pressure, wind 
speed and direction and daily radiosonde launches (Auzeneau, 1994). 

In 1961/62, the French also installed an AWS on Crozet Island at Alfred Faure station (Figure 
1.1) (Auzeneau, 1994). A second AWS was erected in 1969 and remained in operation until 
1980 (Auzeneau, 1994). Beginning in February 1973 a manned station began observations 
at 46°26' S 51°52 E and 142 m asl (Auzeneau, 1994). The manned station recorded surface 
measurements including temperature, precipitation, relative humidity, air pressure, wind speed 
and wind direction, and cloudiness (Auzeneau, 1994). 

The three French island stations: Martin de Vivies Station (WMO #61996) on New Amster-
dam, Port-aux-Francais (WMO # 61988) on Kerguelen and Alfred Faure (WMO # 61997) on 
Crozet, have measured air temperature both manually and with AWS (Appendix C.3, C.4, and 
C.5). The monthly and annual average air temperatures for these islands were compiled from 
several sources, including, (a) the Antarctic READER website, which has the oldest records up 
until 1985, (b) L. Testut at the Laboratoire d'Etudes en Geophysique et Oceanographie Spa-
tiales (LEGOS) provided daily average temperatures from 1980 to the mid 2000s (pers. corn. 
L. Testut, 14 May 2007), (c) Y. Frenot at Universite de Rennes has provided Kerguelen tempe-
ratures for 1989 to 2002 (pers. corn. D. Thost, 18 June 2007), and (d) P. Pettre at Meteo-France 
has provided the most recent data (last 3 to 6 years depending on the station) (pers. corn. P. 
Pettre, 1 September 2007). 

The New Amsterdam Island Station has been recording air temperature from April 1950 to 
present (August 2007) at a site that is 28 m asl. The average monthly and annual air temperature 
for New Amsterdam Island in this study were calculated from the Antarctic READER website 
(April 1950 to December 1985), the LEGOS data (January 1986 to June 2003) and the Meteo-
France data (January 2004 to August 2007) (Figure 3.7A). 

The first air temperature measurements for Crozet Island that could be found began in Ja-
nuary 1965 after which there are sporadic monthly records until January 1969. The Antarctic 
READER website has the majority of these early data and the last few months of 1996 (May 
to December), although there is a three year gap between January 1986 and December 1988. 
Meteo-France provided the last of the temperature measurements (January 1990 to April 1996) 
(pers. corn. P. Pettre, 1 September 2007). The last available annual record for Crozet was 1995. 
Paul Pettre (pers. com ., 16 June 2007) has mentioned that the Crozet meteorological station 
was closed in the 1990s to be replaced by an AWS and that the AWS is not recording reliable 
measurements (Figure 3.7B). 

The Kerguelen Island Station began measuring air temperature for three months in 1950 
(January to March) then began more continuous records from January 1951. The Kerguelen 
average monthly and annual air temperature measurements were from the Antarctic READER 
website (January to March 1950 and January 1951 to December 1985), Y. Frenot data (January 
1986 to December 1988 and January 2003 to December 2005), the LEGOS data (January 1989 
to December 2002) and Meteo-France data (January 2006 to August 2007) (Figure 3.7C). 

The daily precipitation measurements for New Amsterdam, Crozet and Kerguelen were ob-
tained from Meteo-France (pers. com . P. Pettre, 24 August 2007) (Appendix C.3, C.4, and 
C.5). 
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Figure 3.7.: The monthly and annual (green line) temperature records from the three French 
islands, A. New Amsterdam, B. Crozet and C. Kerguelen. 

Precipitation on New Amsterdam was measured at 28  m  as1 from April 1950 until present 
(August 2007). There were no significant gaps in data  (only  9 days in this period were missing) 
hence all of the monthly precipitation records were retained (Figure 3.8A). 

The first available daily precipitation measurements for Crozet were measured at 142 m asl. 
The records range from January 1974 to present (August 2007) (Figure 3.8B). There are several 
gaps in the precipitation data, for example, eleven days in March 1974 where there are no data, 
all of the precipitation values are entirely or partially missing from Jan 1975, Feb to Dec 1987, 
Oct  to  Dec 1996, among other periods and finally records from December 1994 until December 
1999 were removed due unreliability of the AWS over this period. All of these months that 
had more than six days of missing data were removed from the Crozet monthly precipitation 
calculations. 
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Figure 3.8.: Total monthly precipitation from the three French islands in  the  southern Indian 
Ocean, A. New Amsterdam, B. Crozet, and C. Kerguelen. 

The daily precipitation was measured at Kerguelen beginning in January 1950 for three 
months. Then there was a nine month break in data until continuous daily measurements were 
made from January 1951 to present (August 2007) at 12m as1 (Figure 3.8C). 

3.4. Analysis of meteorological records 

The meteorological records from sub-Antarctic islands can be used to identify regional trends 
in temperature and precipitation and to estimate the long term annual temperature at Heard 
Island using a proxy model based on the annual temperatures at Kerguelen. 
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3. Regional climate variability of the southern Indian Ocean 

3.4.1. A proxy temperature record for Heard Island 

The Atlas Cove, Heard Island, temperature record has significant periods when there are no 
monthly or annual values, making it difficult to examine the long term trends in temperature. 
In order to estimate the Atlas Cove annual temperatures between 1954 and 1997 a proxy tempe-
rature model was developed. Jacka and Ruddell (1998) used four stations (Kerguelen, Marion 
and New Amsterdam islands and Cape Leeuwin, Australia) to determine the best proxy tem-
perature for Heard Island. They found that the best linear regression model was based on the 
1950 to 1954 annual temperature data from Kerguelen (KI) and Atlas Cove (HI). 

HI= 1.519 xKI —  5.511 	 (3.1) 

The validity of the model was tested by comparing to the 1981 to 1982 (pers. corn. J. Jacka, 
16 May 2007) and the 1997 to 2005 temperature data from both islands. The Jacka and Ruddell 
(1998) (J&R) model gives a good approximation of the 1980s data but not the 1990s data. 
Therefore Thost and Allison (2006) (T&A) and Thost  and  Truffer (2008) (T&T) developed 
new linear regression models for Heard Island based on Kerguelen Island temperature records 
(Figure 3.9). The best fit model was the T&T (R 2  = 0.78): 

HIprwo  = 1.1662 x Klactuai  —3.6833 	 (3.2) 

The  modelled data and the measured data are presented  in  Figure 3.9. 
This proxy temperature for Heard Island can then be  used  in conjunction with the tempera-

ture records from the other sub-Antarctic meteorological station to examine the regional trends 
in temperature. 

Time 

Figure 3.9.: The measured and modelled annual temperature data for Atlas Cove. The T&T 
2007 proxy model (brown) is  the  best fit to the Heard temperature records (purple). 

3.4.2. Temperature and precipitation on the sub -Antarctic islands 

A trend in the temperature data sets from Marion. New Amsterdam, Crozet, Kerguelen, and 
Heard islands and the SIO sea surface temperature (SST) records were derived from the mean 
annual temperature using similar statistics to those used  by  Jacka et al. (2004). A trend in 
the precipitation from Marion. New Amsterdam, Crozet, Kerguelen and Heard islands were 
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3.5. Discussion of the regional temperature and precipitation changes in the SIO 

derived from the total annual precipitation and using similar statistics as for the temperature 
data sets. 

For each station the mean temperature (total precipitation) (9) of the individual temperatures 
(precipitation) (yi), the standard deviation, and the trend (the slope (b) of a linear regression fit 
through the annual mean (total) data), and the t statistic (n — 2 degree of freedom), where n is 
the total number of years. 

To test if the slope is significantly different to zero the following quantities are used: 

Sxx  = DX, -1) 2 
	

(3.3) 

Syy = 
	 (3.4) 

S ty  = E(x, - i) (y, - 9) 
	

(3.5) 

where Xi is the individual year and I the average year. 
The t statistic is then given by: 

 

t = 

 

(3.6) 

where, 

a 
s 

I  SSE  
= 

\  n — 2 
and the sum of the squared errors (SEE) can be expressed as: 

(3.7) 

SEE = Syy bS,), 	 (3.8) 

Only years with more than II months of temperature (precipitation) were used in this ana-
lysis. The temperature (precipitation) for the missing datum was calculated from the average 
long term temperature (precipitation) for that month. 

This analysis is then used to determine the significance of the trend in the temperature and 
precipitation data from the SIO sub-Antarctic islands (Tables 3.2 and 3.3). 

3.5. Discussion of the regional temperature and 

precipitation changes in the SIO 

3.5.1. Temperature trends 

The sub-Antarctic islands of the southern Indian Ocean are separated by 20 0  of latitude and 75 0  
of longitude. Hence each of these stations has differing climatic regimes. New Amsterdam, the 
northern most island in the SIO, is located to the north of the STF defining it as a mid-latitude 
rather than sub-Antarctic island, yet temperature records for this island are included because it 
is one of the longest continuous records (Appendix C.3). Crozet, Marion and Kerguelen islands 
are located near or just to the north of the PF, the temperature records from these three islands 
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3. Regional climate variability of the southern Indian Ocean 

Table 3.2.: Statistical calculations for the southern Indian Ocean station annual surface tem-
perature data. Adapted from Jacka et al. (2004) with new data (italics) added when possible. 
Trends that are significant to the 99% or 95% level are indicated. 

Station Mean 
temp 
( °C) 

Stdv ( °C) Trend 
( °C100a -1 ) 

Data period I statistic 

(n -2 
d.o.f.) 

Marion 5.6 0.5 +2.7 1949-2002, 2002-03, 2006 11.5 (99) 
Crozet 5.3 0.4 +0.4 1969-84, 1988-93, 1994-96 1.2 

Kerguelen 4.7 0.4 +1.0 1951-85, 1989-2000, 2000-06 3.3 (99) 
New Amsterdam 13.9 0.5 +1.4 1951-86, 1987-88, 1989-97, 0.8 

1998-99, 2000-02, 2004-2006 
Heard (Atlas Cove) 1.7 0.7 +1.7 1948-54, 1981-82, 1997-06 3.2 (99) 

Heard (proxy) 1.8 0.5 +1.4 1951-2002 3.6 (99) 
SST SIO 11.1 0.2 +0.1 1949-2006 0.9 

Table 3.3.: Statistical calculations for the SIO stations total mean annual precipitation records. 
Trends that are significant to the 99% or 95% level are indicated. 

Station Latitude Total mean 
annual ppt 

Stdv (mm) Trend 
(mml0a-1 ) 

Data period t statistic 
(n-2 d.o.f.) 

(mm) 

New Amsterdam 37 °  S 1119 130 -8 1950-2007 -0.7 
Crozet 46°  S 2370 389 -65 1974-2007 -0.8 
Marion 46° S 2315 321 -137 1949-2007 -6.4 (99%) 

Kerguelen 49°S 753 237 -74 1951-2007 -4.3 (99%) 
Heard 53° S 1438 282 1947-54, 1992 

are similar (Appendix C.4, C.1, and C.5). Heard Island is located south of the PF and therefore 
has cooler temperatures than the other four islands (Appendix C.2). 

The mean annual temperatures for Crozet, Marion, Kerguelen, New Amsterdam, and Heard 
islands are compared to the sea surface temperatures (SST) compiled from NCEP Reanaly-
sis data (pers. com. J. Roberts, 7 December 2007) provided by the NOAA-CIRES Climate 
Diagnostic Centre (http://www.cdc.noaa.gov/,  7 December 2007) (Figure 3.10). The SIO SST 
values used are the mean annual skin temperature for the area between 20°E: 140°E and 
30° S: 60° S. 

The additional years of data (up to eight years) and the inclusion of Heard Island (Atlas 
Cove), and SST SIO data confirm an increasing temperature trend as Jacka et al. (2004) found. 
The t statistic has strengthened at Marion from 10.9 to 11.5 (significant at the 99% level), even 
with two years of missing data (Table 3.2). The trend in the Kerguelen data has remained 
essentially the same (significant at the 99% level). However both the Crozet and New Amster-
dam trends have become less significant. This is especially evident at New Amsterdam, which 
with the inclusion of seven additional years, the t statistic has decreased from 3.9 to 1.2 (Table 
3.2). Also the trend in temperature at Crozet with the addition of six years, was dramatically 
different from the Jacka et al. (2004) results. Jacka et al. (2004) calculated a 100 year trend of 
+ 1.5° C whereas the new trend is + 0.4° C (Table 3.2). 

The average trend for this region of the SIO is + 1.3° C 100a', although there is some 
variability in each of these long term temperature trends. Most of the island stations had a 

40 



SIO SST 

. 

pf\- 

Kerguelen 

Heard 

New Amsterdam 

v 

16 

12 • 

Ei 

2 8 . 
7 

El  
CD 

1950 	1960 	1970 	1980 	1990 	2000 	2010 

g 
0 I-- 

4 • 

0 	 
1940 

3.5. Discussion of the regional temperature and precipitation changes in the SIO 

Year 

Figure 3.10.: Mean annual temperature trends of the relevant mid-latitude and sub-Antarctic 
islands of the southern Indian and Atlantic oceans and the SIO SST mean annual temperature 
between 200  E: 140° E and 30° S: 60° S. Dotted line marks a change in temperature trends in 
the early 1960s at the majority of the island stations. 

period of cooling temperatures through the 1950s (Figure 3.10). Beginning in the 1960s all of 
the islands had an increase in temperature that continued until 2006. This increase is earlier 
than the 1976 'climate shift' identified by Trenberth (1990) marking when global temperatures 
began to make a discernible upward trend attributed to greenhouse gases (Trenberth et al., 
2007). 

At New Amsterdam, Kerguelen and Heard islands the shift in the annual temperature trend 
between the early 1960s and early 1980s (Figure 3.10) is coincident with the higher retreat 
rates of the glaciers on these islands (Figure 2.9). The Marion Island records did not have a 
decrease in temperature in the 1980s. It is possible that a combination of the continuing high 
temperatures and geothermal heating from ongoing volcanic activity has resulted in the small 
perennial snowfield that existed on Marion Island disappearing. The shifts in temperature in 
this region provides evidence that the retreat of the SIO sub-Antarctic glaciers is likely to be 
linked with increasing temperatures. 

The Crozet records are not used in this comparison because they did not have a significant t 
test value and unlike New Amsterdam, which also does not have a significant t test value, the 
shorter temperature data set from the Crozet records make any comparisons between the other 
islands doubtful. 

3.5.2. Precipitation trends 

Global trends in precipitation are difficult to determine. A limited number of long term measu-
rements, changes in collection instruments, high regional variability and limited technology in 
detecting precipitation over the oceans, are just some examples of the limitations in deriving a 
global trend in precipitation. 

In the SIO precipitation records are available from the same occupied stations as the tempe-
rature records (Figure 3.11). Marion, New Amsterdam and Kerguelen have the longest, most 
complete records. Alfred Faure station, Crozet, has incomplete records from 1974 to present 
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after 1954. 
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Figure 3.11.: The total annual precipitation for the sub-Antarctic islands 

Although there are fewer precipitation records than temperature records, there is still a good 
latitudinal distribution of stations (Table 3.3). Marion, Crozet and Spit Bay have recorded 
almost double the precipitation measured at Atlas Cove, New Amsterdam and Kerguelen. This 
implies that the regions around 46 0  S in the SIO and on eastern Heard Island are wetter then 
regions to the north (New Amsterdam, 37° S) and south (Kerguelen, 49 0  S and Atlas Cove, 
530  S) (Table 3.3). 

In general there has been a decrease in precipitation  in  the SIO region (Table 3.3). The 
most dramatic decrease has been at Marion Island, which is decreasing 137 mm per decade. 
Both Crozet and Kerguelen islands also have a decreasing trend in precipitation of >50 mm 
per decade. New Amsterdam is also decreasing at a much lower rate than the other three 
islands. Heard Island has too few annual precipitation measurements to determine a statistically 
significant trend. However, given the regional trends it  is  likely that precipitation has been 
decreasing over the last century. 

A decrease in precipitation on the SIO islands is likely  to  be effecting the glacier coverage 
on the individual islands albeit to a lesser degree than temperature. Less precipitation on these 
islands implies that there is less accumulation on the glacier. This would lead to a negative mass 
balance especially combined with higher temperatures, which would decrease the amount of 
precipitation that falls as snow. 

3.6. Conclusions 

The temperature and precipitation records from the meteorological stations in the SIO provide 
a good indication of the regional trends for the last 60 years. The increasing temperatures 
measured at all of the stations and in the SST data shows that, similar to the average global 
temperature (Trenberth et al., 2007), this region of the SIO is warming. The variability in this 
warming illustrates how important it is to increase the collection of meteorological variables 
across this region in more detail. In the last 40 years there has been an increase in satellite 
coverage and technology, the ARGO buoy deployment program, and for paleo-climate variabi-
lity an increased number of sediment cores from the ocean floor, which is beginning to provide 
a wider coverage of the region. 
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3.6. Conclusions 

The sub-Antarctic meteorological stations provide some of the few measurements of pre-
cipitation in the SIO. Satellite technology still does not allow for good quality measurements 
of precipitation, therefore it is these few stations that provide the best information on possible 
trends across the region. All four of the stations (except Heard) indicate that there has been a 
decreasing precipitation over the last —60 years by 137 mm to 8 mm. 

The meteorological records from the sub-Antarctic stations have also been used to look at 
the trends in temperature. In the last —60 years the temperature has been increasing at all of 
the stations. If the temperature continues to increase on these islands the length of the snow 
season will continue to shrink as temperatures will remain at > 0° C for longer periods of the 
year (Trenberth et al., 2007). Globally this has resulted in a steady increase in the mean winter 
accumulation and summer melting over the last half century (Lemke et al., 2007). 

The increase in temperature and decrease in precipitation are strong indicators of climate 
change. This changing climate has resulted in the retreat of the glaciers on all of the sub-
Antarctic islands in the SIO with the northern-most islands being affected more dramatically 
then the southern islands. 
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4. Local climate variability on Heard 
Island and its relevance to glaciers 

4.1. Introduction 

There have been few published reports on the climate of Heard Island. The first meteorological 
observations on Heard Island were made by the sealers, whalers and initial scientific voyages in 
the 1800s and early 1900s. Many of these observations only cover a few days and are buried in 
journals of these first visitors to the island (e.g., Roberts, 1950; Crowther, 1970; Keage, 1981; 
McGowan, 2000). Gibbs et al. (1952) supply one of the few summaries of the meteorological 
conditions at Atlas Cove during the initial ANARE years. Allison and Keage (1986) provided 
a summary of the climatic changes on Heard Island between the initial ANARE years (1948 to 
1954) and the 1980s, along with the changes in the island's glaciers. The most recent and tho-
rough study on the available climate records was by Thost and Allison (2006). They published 
a complete summary of the measured climatic variables on Heard Island up until 2000. 

This present study updates the climate records between March 2000 and May 2007 that were 
not included in the Thost and Allison (2006) paper. In addition, it begins to link the climate 
with changes in the glacier extent and uses the data to look at the variability of the climate 
around Heard Island in relation to the topography and other related factors. Big Ben has one of 
the strongest effects on the local Heard Island climate. The high elevation range of this small 
island results in strong orographically induced precipitation, violent wind gusts, variation in 
cloud cover and fohn winds (Thost and Allison, 2006). These orographic influences also effect 
the variability of accumulation on the glaciers and support strong gradients in temperature with 
elevation (Thost and Truffer, 2008). 

The climate data used in this study includes, temperature, precipitation, relative humidity, 
wind direction and speed, and air pressure. Each of these variables are discussed highlighting 
the limited data and any instrument failures that may have occurred during the field season. 
These variables are then used to look at the orographic effects, local variability, lapse rates and 
frequency of fan winds on Heard Island. 

4.2. Heard Island meteorological stations and 

instrumentation 

The two longest climate records on Heard Island are from Atlas Cove and Spit Bay (Figure 
4.1). A detailed description of these two stations and their dates of operation was given in 
Section 3.3, a summary is also provided in Table 4.1. In addition to these two stations there are 
several short term records that are available for Heard Island (Table 4.1). The most recent data, 
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4. Local climate variability on Heard Island and its relevance to glaciers 

which is concentrated on in this chapter, was collected during two fields seasons in 2000/01 
and 2003/04. 

Figure 4.1.: Map of Heard Island showing sites of the major weather observations (listed in 
box). The  two semi-permanent stations (Atlas Cove  and  Spit Bay) are labelled in blue. The 
pink  labels are stations that  are  located more than 100  m  above sea level. The brown labels 
indicate  coastal stations that  were in  operation during the 2003/04 field season. Adapted from 
a map provided from the AAD Data Centre, inset image is the January 2003 Digital Globe 
image. 

In  2000/01 an AWS (BG AWS) was deployed at 550  m  asl on a rock outcrop near Brown 
Glacier (Figure 4.1 and Table 4.1). Also in 2000/01, a  mobile  AWS (BG35 AWS) was deployed 
on  Brown Glacier at 492 m as! (Figure 4.1 and Table 4.1). During 2003/04, several AWS and 
manual meteorological records provided additional data. Three mobile AWS (AWS1, AWS2, 
and AWS3) were stationed near Brown Glacier, one of which was left to record over-winter 
(re-named Terminus AWS) (Figure 4.1 and Table 4.1). Additional manual temperature, rela-
tive humidity and precipitation measurements were made at the Jacka Valley, Capsize Beach, 
Doppler Hill, Spit Bay and Brown Hut coastal field  camps  during 2003/04 (Figure 4.1 and 
Table 4.1). 

A description of each of the stations and AWS running times, the types of instruments de-
ployed and the sensitivity of sensors are given in Tables 4.2, 4.3 and below. 

Atlas Cove Atlas Cove meteorological station began operation in January 1947 and collec-
ted continuous records until December 1954 when the station was closed (Table 4.1). The 
meteorological records were made every 3 hours (Table  4.2).  Additional measurements of air 
pressure and air temperature were measured during several summer expeditions including 1963 
and 1971, and by a land-based buoy from 1997 to present (Table 4.1 and Appendix C.2). 

Spit Bay The Spit Bay meteorological records include air temperature and air pressure re-
cords from 1997 to present (Table 4.2) using the same type of buoy as at Atlas Cove. The Spit 
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Station 

Atlas Cove 

Atlas Cove 
Spit Bay 

Spit Bay 
BG35 AWS 

BG AWS 

3 	 53°0 l'12" S 	73 °23'24" E Air temperature, precipitation, wind speed and 
direction, air pressure, mean sunshine duration 

5 	 53°0 1 ' 12" S 	73°23'24" E Air temperature, air pressure 
12 	 53°06'25" S 	73°43'16" E Air temperature, precipitation, wind speed and 

direction, air pressure, cloud cover, sea surface 
temperature 

12 	 53°06'25"S 	73°43'16"E Air temperature, air pressure 
492 	 53°04'55" S 	73°37'59" E Air temperature, relative humidity, wind speed, 

snow surface height 
550 	 53°05' S 	73 °38' E 	Air temperature, wind speed and direction, short 

wave radiation, relative humidity 

10 
	

53°06'25"S 	73°43'16"E Air temperature, precipitation 
-50 
	

53°08'00" S 	73°43'22" E Air temperature, precipitation, relative humidity 
4 
	

53°04'50" S 	73 °40'28" E Precipitation 
115 
	

53°04'40" S 	73 ° 39'20" E Air temperature, precipitation, wind speed and 
direction, solar radiation and relative humidity 

920 
	

53°05'45 S 	73°36'42" E Air temperature, precipitation, wind speed and 
direction, solar radiation and relative humidity 

550 
	

53°05'23"S 	73°35'52" E Air temperature, wind speed, relative humidity 

-5 
	

53°00' S 	73°20' E 	Air temperature, precipitation, relative humidity 
-20 
	

53°09' S 	73 ° 38'2 E 	Air temperature and relative humidity 
115 
	

53°04'40" S 	73 °39'20" E Air temperature, precipitation, wind speed and 
direction, solar radiation and relative humidity 

Spit Bay camp 
Capsize Beach 
Brown Glacier Hut 
AWS1 

AWS3 

AWS2 

Jacka Valley 
Doppler Hill 
Terminus AWS 

Elevation (m asl) Latitude 	Longitude 	Meteorological observation 	 Dates of operation 

January 1948 to December 1954 

April 1997 to present 
March 1992 to February 1993 

April 1997 to present 
October 2000 to November 2000 

Intermittently from November 2000 to 
August 2002 (only the air temperature 
at 2 m and relative humidity were 
recorded for the entire period) 
December 2003 to February 2004 
December 2003 to February 2004 
December 2003 to February 2004 
December 2003 to February 2004 

December 2003 to February 2004 

December 2003 to February 2004 
December 2003 to February 2004 
December 2003 to February 2004 
February 2004 to ?? 



4. Local climate variability on Heard Island and its relevance to glaciers 

Table 4.2.: The record intervals and length for the AWS and coastal observation stations on 
Heard Island. (Variable = 10 mm to 5 hours) (JV = Jacka Valley, CB = Capsize Beach, and DH 
= Doppler Hill) 

AWS Temper- Air Relative Wind Wind Precipi- Solar Month/ Record 

ature pressure humidity speed direction tation radiation Year length 

AC 3 hr 3 hr 3 hr 3 hr 3 lir 3 hr 3 lir 1948-54 

variable variable 1997 - AC _ — - - - 
AWS 2007 

SB AWS variable variable 1997 - - - - _ - 
2007 

Brown Glacier 

AWS1 10 min 10min 10 min 10 min 10 min 10 min 10 min Jan-Feb 58 days 

2004 

BG35 30 min _ Nov. 2000 30 min 30 min - _ - 28 days 

AWS 

BG variable variable variable variable - - variable Nov 

AWS 2000-Aug 

2002 

10 min 10 min Jan-Feb AWS2 10 min 10 min _ - - 50 days 

2004 

AWS3 10 min 10 min 10min 10 min 10 min 10 min 10 min Jan-Feb 51 days 

Coasta field camps 

2004 

JV 30 min 24 hr 

CB 30 min 24 hr 

DH 30 min 24 hr 

Bay Station and AWS also measured air pressure from May to June 1990, April 1992 to March 
1993, July to November 1995. The available daily average values for Spit Bay are presented in 
Appendix C.2. Intermittent wind speed and direction records for Spit Bay from 1992 to 1993 
were of instantaneous wind direction (typically measured daily every morning) and an estimate 
of wind force (speed) (Table 4.1). There were additional wind speed and direction measure-
ments made between May to June 1990 (Appendix C.2). The 1990 Spit Bay wind records were 
of instantaneous wind speed and direction (measured at 9:00 and 15:00 Local Standard Time 
(LST)) and the maximum daily gust. 

BG AWS The BG AWS was a more permanent AAD AWS consisting of a 4 m high alumi-
nium tower with a number of sensors (Table 4.3). The tower was erected on 31 October 2000 
on a rocky outcrop at 550 m asl (Table 4.1). Temperature was recorded every hour at 2 m and 
4 m above the surface. Also at the 4 m level were hourly measurements of relative humidity, 
wind speed (hourly average) and direction and total solar radiation (Table 4.2). The results of 
these measurements were uploaded to a NOAA satellite on average every two hours. There 
were some problems with instruments: the 4 m temperature, wind speed and direction failed 
in February 2001 and the relative humidity and 2m air temperature sensors failed in August 
2002. In 2003/04 the mast and sensors were removed and returned to Australia. 

BG35 AWS A mobile AWS (BG35 AWS) operated continuously between 29 October to 
25 November 2000. The sensors were located approximately 1.5 m above the glacier surface. 
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4.2. Heard Island meteorological stations and instrumentation 

Table 4.3.: Accuracy of sensors used on the AWSs and manual sites on Heard Island 

Instrument BG AWS 
BG35 AWS 

& AWS2 

AWS1 & 
AWS3 & 

Terminus 

AWS 

Spit Camp & 

Brown Hut 

Capsize 

Beach & 
Doppler Hill 

& Jacka 
Valley 

Temperature < +0.3°  C < ±0.3° C 

+0.3°  C for 

-40 to 0° C 

and ±0.2°  C 

for 0 to 70°  C 

Precipitation 0.2 mm ±2nrim ±2mm 

Air pressure <±0.3 hPa <±0.3 hPa 

Relative Humidity 

±2% for 0 to 
90%, +3% 

for 90 to 
100% 

+2% for 0 to 

90%, ±3% 
for 90 to 

100% 

±2% 

Wind speed 

±0.3ms -1  
for wind 
speeds 

<10ms -1  
<2% for 

wind speeds 
>10 ms -1  

+0.3ms -1  
for wind 
speeds 

<10ms -1  
<2% for 

wind speeds 
>10ms -1  

Wind direction < ±3° < ±3 °  

Solar radiation 100g V/W/m 2  

Measurements were made every half hour of temperature, relative humidity, wind speed (half 
hourly average and maximum gust) and wind direction (Table 4.2 and 4.3). 

AWS1 and AWS3 AWS1 and AWS3 were Vaisala mobile automatic weather stations. 
AWS1 was located on bedrock near the terminus of Brown Glacier (Table 4.1). AWS3 was 
located on a small outcrop on the eastern margin of the glacier (Table 4.1). These two AWS 
recorded maximum, maximum and minimum temperature, relative humidity, wind speed and 
direction and solar radiation, at 10 minute intervals (Table 4.3). The AWS ran continuously 
from the end of December 2003 to the middle of February 2004, except AWS3 which had a 
power failure on 11 January 2004 resulting in a gap in data of 29.16 hours (Thost et al., 2004). 

Both AWS1 and AWS3 were equipped with a tipping bucket rain gauge. Unfortunately 
neither rain gauges worked very well. AWS1 rain gauge filled with grit and high winds at 
AWS3 ripped the aluminium arm from the central pole. 

AWS2 The mobile AWS used on the glacier (BG35 AWS) were redeployed near the BG 
AWS site and renamed AWS2 in 2003/04. The minimum, maximum and average temperature 
was recorded every ten minutes at AWS2 from the end of December 2003 to the middle of 
February 2004 (Table 4.2 and 4.3). AWS2 also measured relative humidity but the relative 
humidity measurements were suspect (Thost et al., 2004). Once the AWS2 measurements 
were found to be unreliable the BG35 AWS relative humidity measurements were re-examined 
and also found to be suspect, and were hence removed from further analysis. 
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4. Local climate variability on Heard Island and its relevance to glaciers 

Coastal sites In 2003/04 small weather observation stations were located at Jacka Valley, 
Capsize Beach, Doppler Hill, Spit Bay and Brown Hut (see Appendix C.6 for location and 
set up of coastal weather stations). The Jacka Valley and Capsize Beach camps had a T-Tec 
data logger that recorded temperature and relative humidity every 30 minutes and a rain gauge 
(Table 4.2 and 4.3). Doppler Hill station consisted of a T-Tec data logger attached to a star 
picket 1 m above a black sandy surface (Table 4.2 and 4.3). Brown Hut only had a rain gauge 
and Spit Bay, along with the AWS measurements, also had a rain gauge (Table 4.2). The rain 
gauges at each site were of 24 hour accumulated rainfall recorded at 8:00 Local Time each day 
(Table 4.2). 

Terminus AWS On 18 February 2004 the AWS3 (with the precipitation sensor from AWS1) 
was relocated to near the terminus of Brown Glacier and began recording temperature, relative 
humidity, wind speed and direction and precipitation every three hours (Table 4.2). At present 
it is unknown if this AWS is still recording data until an additional trip is made to Heard Island 
to down load the data. 

4.3. Climate measurements recorded on Heard Island 

The temperature, precipitation, relative humidity, wind speed and direction, and air pressure 
data are examined from the various meteorology sites described in Section 4.2. The complete 
data sets for these AWS and coastal sites are available in Appendix C.6 and are described in 
more detail in the following sections. 

4.3.1. Temperature 

The Atlas Cove average monthly temperature varies seasonally from a maximum between De-
cember and March and a minimum between June and September. There does not appear to be 
a shift in the temperature seasonality between 1947 and 1954, 1980 and 1983 and 1997 and 
2007 (Figure 4.2). February has typically been the warmest month on record and the coldest 
month tends to vary between June to September. 

The coldest temperature recorded at Atlas Cove was —9.7° C on 17 June 1988 (Appendix 
C.2). The warmest temperature recorded at Atlas Cove was 15.8° C on 4 February 2004 (Ap-
pendix C.2). The high temperatures recorded at Atlas Cove are probably due to warm synoptic 
systems (see Section 4.4.4 for discussion). 

Between 1998 and 2007, the seasonal variability in air temperature at Spit Bay ranges from 
a maximum in January and April to a minimum between June and September. The average 
annual temperature at Spit Bay was 2.4° C between 1998 and 2006. The minimum temperature 
recorded at Spit Bay was —1.0° C on 17 June 1990 and a maximum of 25.3° C on 10 June 1988 
(Appendix C.2). Spit Bay has a much higher monthly extreme maximum temperature than 
those recorded at Atlas Cove. For every annual record available the annual extreme maximum 
temperature is > 15° C and of the 125 months of available records 80 of these have an extreme 
maximum of > 10°C. There does not appear to be any seasonal pattern to these extremes in 
temperature. 

The annual temperature records at BG AWS had a maximum daily average temperature of 
11.29° C on 12 January 2001 and a minimum daily average temperature of -10.82° C on 19 June 
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4.3. Climate measurements  recorded  on Heard Island 
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Figure 4.2.: Atlas Cove average monthly air temperature records from 1947 to 1954, 1980 to 
1983 and 1997 to 2006. 

2001 (Figure 4.3). The annual temperature at 550 m have a seasonal range from a maximum in 
January-February and a minimum in August-September. 

The shorter summer temperature records on Brown Glacier indicate that there is a greater 
increase in temperature between 115 m and 550 m than between 550 m and 920 m (see Section 
4.4.3). There are also periods when the high elevation AWS have measured higher temperatures 
than AWS1 located near the coast. This is discussed in more detail in Section 4.4.4. 

The T-Tec temperature records at the three field camps show that there is little difference 
between Doppler Hill and Capsize Beach air temperature (Figure 4.3 and Table 4.6), which 
are only 6 km apart. It should be noted however that the Doppler Hill temperature sensor was 
unshielded whereas the Capsize Beach one was housed in a Stephenson screen. Given the 
similarity between the two site's average, maximum and minimum temperatures it may be that 
the radiative effects on the unshielded Doppler Hill sensor are small. 

The Jacka Valley air temperature are lower and with less warming periods compared to 
Doppler Hill and Capsize Beach (Figure 4.3). The highest daily average temperature recorded 
at Jacka Valley was 7.15° C where as it was 11.04° C at Capsize Beach and 9.49° C at Doppler 
Hill. 

4.3.2. Precipitation 

Heard Island is a very wet environment. Observations from Atlas Cove between 1948 and 1954 
recorded a mean annual precipitation of 1361 mm ( 1 a =196) (Thost and Allison, 2006) with 
annual ranges from 1293 mm in 1950 to 1695 mm in 1951 (Table 4.4 and Appendix C.2). On 
average there was precipitation on 276 days (or 75%) of the year, over this seven year period, 
with the highest number of days with precipitation occurring in 1949 (300 days or 82%). 

There is also a seasonal variation in precipitation. The mean monthly precipitation varies 
from 57 mm in August to 158 mm in April. Precipitation tends to be higher from March to May 
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Figure 4.3.: Brown Glacier and the coastal daily air temperature records from both field sea-
sons. A. BG35 and BG AWS, B. AWS1, AWS2 and AWS3, and C. Capsize Beach, Doppler 
Hill and Jacka Valley. 

than in the cooler months (August-September). This increased precipitation during the warmer 
parts of the year is expected in regions where the cyclonic activity is unabated throughout the 
year (Taljaard and Van Loon, 1984). 

The total Spit Bay precipitation recorded between March 1992 and February 1993 was 
1971 mm (Table 4.4). The highest monthly total was recorded in May (300 mm) and the lo-
west in February (109 mm). The Spit Bay total precipitation is almost 300 mm higher than the 
maximum annual precipitation recorded at Atlas Cove. This higher precipitation total is also 
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4.3. Climate measurements recorded on Heard Island 

Table 4.4.: Summary of the precipitation records (in mm) from Atlas Cove (AC), 1948 to 1954, 
and Spit Bay (SB), March 1992 to February 1993, from BoM data. 

Month 1948 1949 1950 1951 1952 1953 1954 AC average SB 1992/93 
Jan 168.9 156.7 153.2 131.8 122.7 102.6 139.3 128 
Feb 128.8 122.7 151.4 179.6 122.2 183.9 125.2 144.8 109.1 
Mar 167.6 164.1 131.8 154.9 140.2 105.7 160.8 146.4 195.3 
Apr 144.0 181.6 144.3 160.3 170.9 133.1 173.5 158.2 128.2 
May 95.3 163.1 140.0 167.6 164.6 147.6 157.0 147.9 299.8 
Jun 76.2 65.5 72.4 181.6 102.9 95.8 69.6 94.9 189.1 
Jul 76.7 53.6 73.7 184.7 89.9 75.9 103.1 93.9 130.4 

Aug 18.5 49.0 57.7 67.8 74.4 73.4 55.1 56.6 171.1 
Sept 65.3 38.1 70.1 83.1 74.9 47.8 89.2 66.9 115.2 
Oct 76.5 105.2 43.2 117.6 110.5 116.1 129.8 99.8 112.3 
Nov 81.0 102.6 79.5 95.5 103.1 128.8 111.8 100.3 208 
Dec 112.3 96.8 12.2 149.4 152.9 94.5 143.0 131.6 184.2 

Total 1042.2 1311.1 1292.9 1695.2 1438.4 1325.1 1420.6 1360.8 1970.7 

reflected in the greater number of days that precipitation has occurred at Spit Bay (329 days or 
90%) than Atlas Cove (maximum was 300 days) (Green, 1993b). 

4.3.3. Relative humidity 

Relative humidity values at Atlas Cove are shown in Table 4.5. There was some problems with 
the reliability of relative humidity measurements at several sites. The more reliable measure-
ments were made at Jacka Valley, Capsize Beach, Doppler Hill and AWS1 (Table 4.5). 

Table 4.5.: Relative humidity (RH) measurements recorded at the BG35 and BG AWS in 
2000/01, and in 2003/04 from Jacka Valley, Capsize Beach and Doppler Hill and at AWS1. 
(nr = not reliable) 

BG35 AWS 
Temp 	RH 

BG-AWS 
Temp 	RH 

Jacka Valley 
Temp 	RH 

Capsize Beach 
Temp 	RH 

Doppler Hill 
Temp 	RH 

AWS I 
Temp RH 

Average -2.9 nr -3.6 82.6 4.6 96 6.3 	83 6.4 85 4.98 77 

Std Dev 2.7 nr 2.5 13.1 1.4 6.6 3.7 	12.0 3.1 15.7 2.61 13 

Maximum 12.5 nr 13.5 100 10.5 100 20.3 	100 18.9 100 15.02 100 

Minimum -9.4 nr -9.8 28 0.9 65 0.6 	20 0.9 44 0.28 22 

Time frame Nov 2000 end Dec 2003 to mid Feb 2004 

4.3.4. Wind speed and direction 

Annual wind direction and speed have been measured at Atlas Cove and BG AWS. Summer 
wind speed and direction were recorded at BG35 AWS, AWS1 and AWS3. The winds at Atlas 
Cove between 1947 and 1954 were predominately from the west and southwest. This is in 
part due to the barriers of Big Ben to the east and Laurens Peninsula to the west. The short 
summer measurements seem to indicate that the winds have greater speeds and from a more 
NW direction at BG AWS and BG35 AWS. AWS3 is located close to the steep slopes of Big 
Ben Plateau resulting in more westerly winds occurring at this site. 

53 



WES 

4. Local climate variability on Heard Island and its relevance to glaciers 

A 
NORTH 	 NORTFI 

25% 	 20% 

15% 	 12% 
20% 	 16% 

10% 	
4101\14...11  8%  

EAST 	 WEST 	 EAST 
/1‘ 

SOUTH 
Atlas Cove 	

SOUTH 
	BG AWS 

Resultant vector: 	Calms: 3.37% 	 Resultant vector: 
	

Calms: 5.15% 
266 (55%) 	 270(33%) 

NORTH 	 NORTH 

28% 
21% 35%  

41111k, 14% 
7 

WEST . 	 EAST 

15% 
12% 

low-40% 
WEST 10 	• 	EAST 

SOUTH 
BG35 AWS 	

SOUTH 	AWS1 
Resultant vector: 

	
Calms: 0.16% 
	

Resultant vector: 
	

Calms: 0.11% 

282 (80%) 
	

289  (26%) 

NORTH 

25% 
20% 

15% 
10% 

5% 
EAST 

Wind Speed (m/s) 
IN 	a.11.1 

8.8 - 11.1 
5.7 - 8.8 
3.6 - 5.7 
2.1 -3.6 

In 	0.5 - 2.1 

SOUTH 	
AWS3 

Resultant vector: 
	

Calms: 0.98% 

247 (38%) 

Figure  4.4.: Wind roses for: A. Atlas Cove 1948 to  1954,  B. BG AWS, C. BG35 AWS, 
D.  AWS I and E. AWS3. The vectors are the mean  direction  of wind for each AWS and 
are computed  from the vector sum of the unit vectors  that  represent the various wind di-
rections  in the data (due to program limitations there  are  a different scales for each site). 
The  wind roses were created using the Lakes Environment WRPLOT View freeware program 
(http://www.weblakes.com/lakewrpl.html,  12 February  2008). 

4.3.5. Air pressure 

The  available daily average air pressure values for Atlas Cove and Spit Bay are presented in 
Figure  4.5 and Appendix C.2. The air pressure values at Atlas Cove and Spit Bay show that 
there  is a wide range of pressure systems that pass over  Heard  Island each year. 
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Figure 4.5.: The average fortnightly (14 point running mean) air pressure measurements at A. 
Atlas Cove and B. Spit Bay 

4.4. Local variability and orographic effects on temperature 

and precipitation across the island 

Annual temperature and precipitation data have been collected predominately from Atlas Cove 
and Spit Bay stations. These records are used to show any long term changes in temperature and 
precipitation on the island and to look at any small-scale regional or annual variations between 
the two sites. More recently there have been several summer temperature and precipitation 
records from field camps, these smaller, short term stations can be used to investigate coastal 
variations in temperature and precipitation around the island. 

4.4.1. Coastal temperature and relative humidity variations on Heard 

Island (summer 2003/04) 

During 2003/04 air temperature was recorded at six field camps (Figure 4.1). These six sites 
(including AWS 1 at 115 m asp provide an illustration of the variability of the temperature 
around the island (Table 4.6). 

Spit Bay and AWS I (Figure 4.1), located on the northeast coast, recorded cooler average 
temperatures than Capsize Beach and Doppler Hill (Table 4.6). This is expected from the 
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4. Local climate variability on Heard Island and its relevance to glaciers 

AWS1 site given that it is over 100 m asl, however the higher AWS1 and sea level Spit Bay 
records still have similar average, minimum and maximum temperatures. 

Table 4.6.: Temperature records from the near coastal stations from the end of December 2003 
until the middle of February 2004 from Thost et al. (2004) and AWS1 at 115 m asl. 

Temperature 
(°C) 

Capsize 
Beach 

(50 m asp 

Doppler Hill 
(20 m asp 

Spit Bay 
(12 m asp 

Atlas 
Cove 

(4 m asp 

Jacka Valley 
(5 m as') 

AWS1 
(115 m asp 

Average 6.3 6.4 4.5 3.9 4.6 5.0 
Maximum 20.3 18.9 13 7.8 10.5 15.0 
Minimum 0.6 0.9 0.8 1 0.9 —0.5 

Atlas Cove and Jacka Valley, the two northeastern stations, have similar average tempera-
tures (Table 4.6). It is interesting to note that there is little difference between the Jacka Valley 
temperature records, which are sheltered from the predominate westerly winds, and Atlas Cove 
temperature records, which are located in a more open site. 

Only complete annual records were used to calculate the annual temperature for Atlas Cove 
(Figure 4.6). The average annual temperature from the 1948 to 1954 period was 1.1° C which 
is more than one degree lower than the average annual temperature from 1982 to 1983 of 
2.8° C and from 1998 to 2006  of  2.0° C. However, it  should  be noted that the 1980 to 1983 data 
were recorded from an unshielded instrument. As only  the  monthly data were available, no 
comparison could be made between the night and day temperatures to determine any possible 
radiation  error. 

Although the Atlas Cove data set is almost 30 years longer than the intermittent Spit Bay 
record some comparisons can be made. Over the last few years (1998-2006) the annual Spit 
Bay temperature has always been higher than at Atlas Cove by between 0.2 and 1.0° C (Figure 
4.6). Spit Bay also tends to have much higher extreme maximum temperatures than Atlas Cove 
due to increased fohn wind frequency recorded on the eastern, leeward side of the island (see 
Section 4.4.4). 

4 

—  Atlas Cove 
—  Spit Bay 3- 

2 - 

0 	  
1946 	1956 	1966 	1976 	1986 	1996 	2006 

Figure 4.6.: Annual temperature records from Atlas Cove and Spit Bay. 

Relative humidity was measured at four of the coastal sites: Capsize Beach, Doppler Hill, 
Jacka Valley and AWS1 (Table 4.5). The variability in the relative humidity measurements 
between the coastal sites suggest that there maybe variation in relative humidity due to aspect. 
The southern and western coasts are in the direct path of the prevailing winds and therefore 
moisture source, resulting in higher relative humidity values. In comparison, the northeastern 
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4.4. Local variability and orographic effects on temperature and precipitation across the island 

regions of the island are blocked from the prevailing winds by Big Ben creating a relatively 
lower relative humidity. These measurements suggest that there is drier air on the leeward side 
of Big Ben compared to the windward side. 

4.4.2. Precipitation at elevation 

The precipitation at higher elevations on Heard Island is strongly influenced by orographic ef-
fects (Allison and Keage, 1986). The two most important controls of orographic precipitation 
distribution are slope and elevation and to a lesser degree geometry, orientation of the mountain 
range and local climate regime (Roe et al., 2003). In a simple system precipitation would de-
crease with elevation as temperature and atmospheric moisture decrease but this does not factor 
in the relationship between precipitation and wind strength or storminess (Roe et al., 2003). In 
many mountainous regions the attitudinal increase of precipitation is due to a combination of 
higher intensities and greater duration of precipitating storms (Barry, 1992). 

The 2000/01 sonic ranger located on Brown Glacier at an elevation of 500 m had a net 
accumulation of 258 mm w.e. for November (see Section 5.5.3). In addition to the sonic ranger 
results a net balance estimate of 6 to 7 m a -1  w.e. was made in 2000/01 based on three summer 
dust layers found in a crevasse wall located at 1050 m asl (Truffer et al., 2001). In 2003/04, 
three additional crevasses were investigated for 'summer dust layers' but only one layer was 
found at 920 m asl, at 6.67 m below the surface. This dust layer did not correlate with estimates 
of the total net balance at this crevasse site obtained from oxygen isotope and glaciochemical 
analysis (see Chapter 6 for more details). 

Also in 2003/04 measurements of the total melt across the glacier based on the measurement 
of ablation and the meltwater stream flux indicate that the precipitation increases with eleva-
tion (see Section 5.5.4) This indicates that storms that pass over Brown Glacier are of a high 
enough intensity, or for long enough periods, to create a gradient of increasing precipitation 
with elevation. 

4.4.3. Heard Island free -air lapse rates 

A free-air lapse rate was calculated from Atlas Cove daily radiosonde temperature records 
(launched at 9:00 or 10:00 LST, UTC -+5, depending on the year). These records of day time 
temperatures give an average lapse rate of -0.007° C m -1 , with monthly means ranging from 
-0.006 to -0.008° C m -1 , for elevations between 0 to 300 m asl (Table 4.7). Until 2000 this 
was the only lapse rate available for Heard Island. 

Table 4.7.: Monthly lapse rates (° C m -1 ) from the 1948 to 1954 Atlas Cove radiosonde tem-
perature data 

Elev. (m) Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Mean 

0-300 -0.0057 -0.0067 -0.0064 -0.0064 -0.0067 -0.0074 -0.0067 -0.0073 -0.0080 -0.0077 -0.0073 -0.0064 -0.0069 

300-1000 -0.0046 -0.0052 -0.0047 -0.0049 -0.0052 -0.0057 -0.0056 -0.0057 -0.0063 -0.0060 -0.0054 -0.0048 -0.0053 

1000-2000 -0.0039 -0.0037 -0.0039 -0.0040 -0.0047 -0,0052 -0.0054 -0.0049 -0.0054 -0.0053 -0.0045 -0.0037 -0.0046 

2000-2750 -0.0039 -0.0032 -0.0039 -0.0041 -0.0048 -0.0051 -0.0052 -0.0048 -0.0048 -0.0052 -0.0051 -0.0044 -0.0045 

The Atlas Cove mean annual lapse rate shows a seasonal signal, with steeper lapse rates in 
winter/early spring than summer (Figure 4.7). The steeper lapse rates in winter and early spring 
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4. Local climate variability on Heard Island and its relevance to glaciers 

at Atlas Cove may be a product of the longer nocturnal hours, cooler winds at night and snow 
cover over the majority of the island from autumn to spring. This seasonal signal is similar to 
the signal found in the Colorado Rockies (Pepin and Losleben, 2002), though different from 
lapse rates derived over larger altitudinal ranges (e. g., Italian Alps and northern Britain) (Cline 
et al., 1998; Pepin, 2001; Rolland, 2003). 

Previous studies have shown wide variation in surface lapse rates. These variations are due 
to fundamental controls on lapse rates including; air mass movement (Fleagle, 1946; Yoshino, 
1966; Harding, 1978), seasonality (Pepin and Losleben, 2002; Rolland, 2003), diurnal effects 
(Barry, 1992; Pepin et al., 1999; Rolland, 2003), topography (PieIke and Mehring, 1977; Rol-
land, 2003), cloudiness (Pepin et al., 1999; Pepin and Losleben, 2002), ffihn winds (Barry, 
1992), ground cover (Barry, 1992) and humidity (Sturman and Tapper, 1996). 

Figure 4.7.: Monthly lapse rates from the 1948 to 1954 radiosonde data at Atlas Cove 

More recently surface lapse rates were calculated for Brown Glacier between AWS 1 and 
AWS2 (lower) and between AWS2 and AWS3 (upper). The AWS1-AWS2 lapse rate has a 
maximum frequency at -0.010°C m -1  and an average lapse rate of -0.008° C m -1  (Figure 
4.8). The average lapse rate for AWS2-AWS3 was -0.003°C m -1  and it also had a distinctive 
bimodal distribution (Figure 4.8) with peaks near -0.003 and 0.013° C m -1 . The lower lapse 
rate also had a bimodal distribution but was not as pronounced. 

This bimodal distribution may be a result of ffihn winds which could increase the number of 
temperature inversions recorded (see Section 4.4.4). Although temperature inversions typically 
occur at night under clear skies, when long wave radiant energy loss from the surface to the 
atmosphere is more efficient, temperature inversions can also occur due to cold air advection 
related to frontal activity, subsidence associated with an anticyclone and advection of a warm 
air mass over a colder surface (Barry, 1992; Matthias, 2004). 

The diurnal lapse rate records from 3 hourly mean data suggests that AWS3 recorded shal-
lower lapse rates during the day than AWS I (Figure 4.9). The lower and upper diurnal lapse 
rates also appear to have a inverse relationship, when the upper lapse rate is at its shallowest 
the lower lapse rate is at its steepest. 
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Figure 4.8.: Frequency distribution of ten minute lapse rates calculated from the temperature 
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Figure 4.9.: The average and standard deviation of three hour (LST) lapse rates between AWS I 
- AWS2 and AWS2 - AWS3. 

4.4.4. Min wind activity in mountainous regions 

A foehn orfohn wind is a warm, dry, down-slope wind descending the lee side of the European 
Alps as a result of synoptic-scale, cross barrier flow over the mountain range (AMS, 2000). A 
typical fiihn wind is produced from moisture loss due to orographic lifting on the windward 
side and the compression of air as it descends on the lee side of the mountain range (Sturman 
and Tapper, 1996). 

This process of fain wind development is unlikely for Heard Island as winds of greater 
than 60 m s would be necessary to create the kinetic energy to reach the top of the Big Ben 
caldera (Thost and Allison, 2006). Although winds of this magnitude have been recorded on 
Heard Island there are more instances of fohn wind events than high wind events. Thost and 
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Allison (2006) propose that fan winds on Heard Island are more likely to be the result of 
standing wave motion forcing air from higher levels to descend (e.g. Barry and Chorley, 1976). 
The winds that pass over the top of Big Ben are at higher speed as they do not encounter the 
barrier of Big Ben to slow them down, creating standing waves on the downwind side of Big 
Ben. As wind velocity increases it becomes more likely that turbulent downwind flow will 
occur, causing the high level winds to descend to ground level and be transported in strong 
down draughts. As the air descends it warms at the dry adiabatic lapse rate, resulting in a 
higher temperature than the surrounding atmosphere. 

Finn winds are an important aspect of the climatic conditions on Heard Island. The high 
temperatures recorded at Spit Bay and Brown Glacier indicate that fan winds would play an 
important, although unquantified part in the mass balance of Heard Island's glaciers (Truf-
fer et al., 2001; Thost and Allison, 2006). These high temperatures also influence the mean 
temperature calculations for the eastern meteorological stations on the island. 

Rihn winds are recognisable by a sharp increase in temperature and wind and a decrease in 
relative humidity (Brinkmann, 1971). This change in synoptic condition occurs over short time 
periods (Boon and Sharp, 2001; McGowan et al., 2002). 

In this study, a fan wind event on Heard Island was defined as an abrupt temperature rise, 
a coincident increase in wind speed, and decrease in relative humidity (where records were 
available). In addition, due to the orientation of Big Ben and its role in fohn wind development, 
the direction of the surface winds were also examined. 

There have been several reports of warm temperatures on Heard Island at both Atlas Cove 
and Spit Bay but not all of these are related to fohn winds. The Atlas Cove, Spit Bay, Brown 
Glacier and coastal warm events are examined separately: 

Atlas Cove The available meteorological records for Atlas Cove between 1948 and 1954 
provide inconclusive information on the likelihood that fan wind events occur at this wind-
ward site. There are nine measurements of high temperatures (> 10° C) at Atlas Cove but only 
one had a corresponding low relative humidity (< 50%) and all of these high temperature events 
occur during WNW, W or WSW winds (Figure 4.10). Example B in Figure 4.10 was the only 
period found that had both an increase in temperature and a decrease in relative humidity. On 
the 14 January 1954 at 14:00 LST the temperature was 6.1° C, the relative humidity was 70%, 
and the winds were from the SW at 25 kts. By 17:00 the temperature had increased to 10° C, 
the relative humidity had dropped to 20% and the winds had swung to the W at 19 kts. Three 
hours later the winds were still from the W but had decreased in strength to 12 kts and the 
temperature had dropped to 4.4° C and the relative humidity had risen to 91%. This six hour 
period was during the tail end of a high pressure system (peaking at 1011.5 hPa at 2:00 on 14 
January) that had crossed the island from the SW. Further these westerly winds are not likely 
to have produced a fohn wind due to the low altitude of Laurens Peninsula (716m as1), which 
is not high enough (nor were the winds strong enough) to generate a fohn wind. 

The air temperature measurements for Atlas Cove from April 1997 to August 2006 have 13 
instances, over 10 days, when the temperature was > 10° C. These high temperatures correlate 
with high air pressure measurements, as indicated in more detailed examples in Figure 4.11. 

Hence, it is concluded that the majority of high temperature events at Atlas Cove are due 
to warm synoptic events, which is supported by coincident high air pressure measurements. 
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Figure 4.10.: Two detailed plots (A and B) show an increase in temperature but no corres-
ponding decrease in relative humidity (A) and the only period found when there was both 
an increase in temperature (blue) and decrease in relative humidity (green) (B). Note the two 
different temperature scales. 

A 

Figure 4.11.: Temperature (blue) and air pressure (purple) measurements at Atlas Cove. Two 
detailed plots (A and B) both show that higher temperatures (> 10° C) correlate with high air 
pressure measurements. 

No matter the cause of these warm events they will be a significant contributor to the surface 
ablation on the northeastern side of the island. 

Spit Bay There are no relative humidity nor recent (1997-2007) wind speed and direction 
measurements for Spit Bay making the classification of fain wind events difficult. In addition, 
temperature and wind measurements from April 1992 to March 1993 at Spit Bay were only 
recorded once a day. Therefore the maximum temperature recorded for that period is unlikely 
to be coincident with the air pressure and wind direction measurements. 

Despite these limitations it is possible to infer that fohn wind events occur at Spit Bay. This 
is based on over 300 measurements of temperature over 10° C, including 10 that are > 20° C 
from the two combined data sets. It is probable that many of these warm temperature records 
are of fans despite the lack of supplementary relative humidity or wind data. Figure 4.12 
shows two examples of high temperature records at Spit Bay that are from a warm synoptic 
system passing over the island or a fan wind. 

The possibility that there are frequent fan winds at Spit Bay is also supported by the obser-
vation of standing waves and fan walls above Spit Bay. A fan wall cloud forms over a ridge 
or isolated peak when the air is forced to ascend raising the air to the saturation level, often 
the cloud appears as a wall with fibrous elements dissipating downward from the peak (Barry, 
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Figure 4.12.: Temperature (blue) and air pressure (purple) measurements at Spit Bay. The two 
plots (A and B) indicated that the higher temperatures > 10°C at Spit Bay are probably from a 
combination of (A) high pressure events and (B) fohn winds. 

1992). These cloud features have been observed at on the eastern side of Heard Island most 
recently by Truffer et al. (2001) in November 2000. 

Brown Glacier The BG AWS has the longest temperature and relative humidity records of 
the various AWSs in the Brown Glacier region. BG AWS also recorded wind speed and di-
rection. These sensors only worked for a short time, followed by intermittent measurements 
before failing three months after the AWS was installed. Hence fan winds were identified 
from the temperature and relative humidity measurements. There are 31 periods of fan condi-
tions when the temperature was > 10° C and relative humidity was <60% and two additional 
periods when temperature was high, relative humidity was low and there was an increase in 
wind speeds. The duration of the fiihn conditions measured at BG AWS ranged from a single 
measurement to 58 hours from the 11 to 13 February 2002. Fohn winds also occur at lower 
temperatures, these are more evident in winter when the average temperature is much lower to 
begin with. 

The shorter temperature, relative humidity and/or wind data sets from the BG35, AWS I, 
AWS2 and AWS3 also recorded fohn winds. Truffer et al. (2001) reported that there were two 
f6hn winds while BG35 AWS was in place. The first on 4 November and the second on 25 
November when temperature was above 0° C for 10 hours and the wind direction measured at 
BG AWS at the same time indicated that the winds were directed preferentially down valley. 
There may be three additional f6hn winds over the 28 day period the AWS was in operation, 
on the 29 October, 31 October and 6 to 7 November each  of  these periods had both an increase 
in temperature and wind speed. 

During 2003/04 all three of the AWS recorded fohn winds. One example of a fOhn wind and 
how it propagates down Brown Glacier is illustrated in Figure 4.13. This figure shows Inn 
winds that occurred over the 9 and 10 January 2004. At AWS3 the high temperature (>5° C), 
high winds (>20 m s -1 ), and low relative humidity values were evident from 9 January at 
9:10 LST until 10 January 8:50. The winds during this period were predominately from the 
SW. At AWS2, 400 m lower on the glacier, there was  an  increase in temperature (>10° C) 
and an increase in wind speed from 9 January at 22:10 to 10 January at 13:50. At AWS1, 
near the terminus of the glacier, high temperature (>10° C) and low relative humidity values 
were measured, however the wind speed was not high (<10m s -1 ) and the wind direction was 
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variable from 9 January 23:00 to 10 January at 18:00. The differences in the timing of the 
event has an error of up to one hour based on where it was estimated that the change began and 
finished. 

A 
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Figure 4.13.: A fohn wind recorded on Brown Glacier during the second field season at all 
three AWS on 9 to 10 January 2004: A. AWS3, B. AWS2, and C. AWS1. 

There were several other fohn winds measured at both AWS2 and AWS3, e. g., 26 December, 
4 January, 2 February and 5 February. Some fohn winds were only measured at AWS3, e. g., 
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17 January. These differences show that fOhns can be an isolated event and may not propagate 
down a single glacier valley. 

Coastal sites At Capsize Beach, located on the southeast coast, there were seven days with 
fan wind conditions, however two of these may not have been a fan wind due to persistent 
high temperatures, followed by a drop in relative humidity, then an increase in relative humidity 
while temperature stayed elevated. 

At Doppler Hill, also on the southeast coast, there were 21 days when the temperature was 
close to 10°C and relative humidity between 50 and 60%. Indicating that there could have 
been up to 21 instances when fohn wind conditions occurring at Doppler Hill. There were 6 
periods where fan wind conditions occurred over two successive days, however the relative 
humidity increased to — 100% at night and temperature dropped a few degrees, except from 19 
to 20 December, therefore it is uncertain, with the available data, if these are two separate fan 
winds or one continuous one. The longest period where fan conditions persisted, at Doppler 
Hill, began on 19 December at 1:00 LST and continued until 20 December 2003 at 16:00. Over 
this 39 hour period the relative humidity remained between 50 and 60% and the temperature 
ranged from a high of 15.1° C at 10:00 to a low of 3.6° C at 4:00. 

Capsize and Doppler are in close proximity (within 6 km) of each other, yet there does appear 
to be a difference in the frequency and length of fohn winds. There were four fan winds that 
were measured at both sites during 2003/04 on the 19 December, 3 January, 18 January and 5 
February. All of the Wins at Capsize were for shorter periods then at Doppler. This difference 
may be due to localised topography and the difference of wind direction at each station. 

At Jacka Valley it is difficult to make any conclusive remarks about f6hn activity without 
any wind direction data. However there are two periods from Jacka Valley that may represent 
a fohn wind. The temperature and precipitation records for the 3 February and 18 February 
were compared to the air pressure measurements from Atlas Cove over the same period, these 
conditions occurred as a high pressure system of 1005 hPa and 1007 hPa, respectively, crossed 
the island. Therefore it is assumed that Jacka Valley, like Atlas Cove, is not likely to have any 
fan winds. 

4.5. Conclusions 

Meteorological records for Heard Island are infrequent and sporadic yet they do provide data 
from which a broader understanding of the island's climate can be inferred. The 1947 to 1954 
Atlas Cove synoptic records have provided the most complete records of the climate on Heard 
Island. The additional records from short summer expeditions and a few, mostly isolated annual 
records from around the island provide snap shots of the climate. The combination of all 
available data sets provides a basic understanding of the changes that have occurred across the 
island. 

The orographic variability caused by the Big Ben massif affects the distribution of tempera-
ture, precipitation, and winds across the island. Atlas Cove tends to have lower temperatures, 
lower measured precipitation, and no fan wind events compared to Spit Bay. 

The Atlas Cove records have shown that there has been a — 1° C increase in temperature 
since the 1950s and that between 1947 and 1954 precipitation occurred on average 276 days 
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per year. The shorter Spit Bay records have indicated that the leeward side of Big Ben has a 
higher incidence of high temperature events than at Atlas Cove between 1998 and 2006. 

The lack of annual temperature records between 1954 and 1980 leaves some room for inter-
pretation. However based on the proxy temperature model (see Section 3.4.1) the temperature 
on Heard Island probably began increasing in the 1960s. These higher temperatures may be 
partially responsible for the increased retreat of Heard Island glaciers from 1960s to 1980s (see 
Section 2.4.1). 

Difficulties arise when trying to compare the precipitation records from Atlas Cove and Spit 
Bay due to the nearly 50 year separation between records. Measurements of precipitation du-
ring 2003/04 (see Section 3.3.2) indicated that precipitation totals measured at the field camps 
were higher than the corresponding Atlas Cove monthly totals. The total January precipitation 
at Atlas Cove (1948 to 1954) was 139 mm compared to the total January 2004 precipitation at 
Jacka Valley of 299 mm (closest site to Atlas Cove), 190 mm at Spit Bay, 222 mm at Capsize 
Beach (on the southeast coast) and an impressive 483 mm at Brown Hut (lucky us!) (Thost 
et al., 2004). These records could suggest that that along with the 1992/93 precipitation re-
cords, that the precipitation on Heard Island has increased. However, when compared to the 
precipitation on neighbouring sub-Antarctic islands, which have a decreasing precipitation over 
the last -60 years (see Section 3.5.2), it is concluded that the 2003/04 field season may have 
just occurred during a very wet January. 

The above changes in the temperature and precipitation on Heard Island are both important 
influences on the mass balance of the local glaciers. Fohn winds also play an important but as 
yet unquantified role in the mass balance of Heard Island glaciers. Fan wind effects have been 
shown to occur more often at higher elevations on Brown Glacier than lower elevations. These 
winds also predominately occur on the eastern side of the island due to the orographic effects 
of Big Ben. This high frequency of fan winds would create a higher average temperature for 
the eastern side of the island, which are likely to influence lapse rate calculations especially on 
the upper glacier. 

The lapse rate for Heard Island was calculated from 1950 radiosonde data from Atlas Cove. 
A more detailed, lower elevation lapse rate was also calculated for Brown Glacier from the air 
temperature data at AWS1, AWS2 and AWS3. The resulting lapse rate for Brown Glacier was 
-0.003° C m -1  from 920 m to 550 m and -0.008° C m -1  from 115 m and 550 m. 
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5. Brown Glacier morphology, dynamics 

and mass balance 

5.1. Introduction 

Previous chapters have shown that the glaciers of Heard Island have been retreating and/or thin-
ning for at least the last 50 years due to changes in the regional climate. To better understand 
the processes of glacier change on Heard Island, a 'benchmark' glacier was chosen based on 
its geometry and logistical characteristics (from parameters suggested by Kaser et al. (2003)). 

Brown Glacier, located on the northeast coast of Heard Island (Figure 5.1), is 4.8 km long 
with an area of 3.77 x106  m2  (in 2004). Brown Glacier has a simple geometry of one relatively 
well defined accumulation area and one tongue. Its size is neither too small, where local climate 
effects could dominate and the relative surface area to volume change would be to big, nor too 
large, which would increase logistical difficulties. Brown Glacier's surface is relatively smooth 
and uniform though there are large crevassed areas below 250 m asl, which make access to 
the lower glacier difficult late in the ablation season. In contrast to the majority of the other 
glaciers on Heard Island there is easy access to the glacier, which is important when considering 
the number of equipment loads and visits to the survey sites. Weather conditions were also 
considered. Brown Glacier, located on the northeastern coast, is in a region that has more fine 
weather days, a fairly predictable wind direction, and easy and safe exit points from the glacier 
if visibility were to deteriorate rapidly. Brown Glacier is also relatively debris free therefore 
should have a less complicated interpretation of the glacier's sensitivity to climate change. 

Brown Glacier flows in a northeast direction extending from an elevation of 1100 m to 80 m 
asl terminating above Brown Lagoon, which had an area of 0.42 km 2  and an estimated volume 
of 1.3 x107  m3  (in 2004). The extent of the 2004 glacier and lagoon is dramatically different 
when compared to the first known photograph of Brown Glacier, taken in 1947, showing the 
glacier terminating in the sea and filling its basin to just below the top of the lateral moraines 
(Figure 5.2A). Since 1947 each subsequent observation of the glacier has shown a substantial 
retreat of the terminus and a general thinning of the glacier, which has continued to present 
(January 2006 is the last clear satellite image available of the glacier). 

By 1963, the glacier had retreated more than 100 m from the coast, the ice cliffs had disap-
peared, and broad pebble beach had formed separating a small lagoon from the sea (Figure 
5.2B). By 1971, the glacier had retreated an additional 350m inland and was terminating into 
a proglacial lagoon. There was a land vegetation survey during the summer of 1986/87 around 
the moraines of Brown Glacier. Observations indicate that there was possibly a very small 
beach in front of the glacier but some sections may still have been floating in the lagoon. Field 
parties did not walk in front of the glacier but instead found alternate routes to traverse the 
shore (J. Scott pers. corn., 26 October 2006). The next aerial survey, during the summer of 
1987/88, was in conjunction with vegetation studies. These photographs showed that Brown 
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5. Brown Glacier morphology, dynamics and mass balance 

Figure 5.1.: The location of the Baudissin and Vahsel glacier both of which were part of earlier 
mass balance surveys on Heard Island, and the location  of  Brown Glacier and its neighbouring 
glaciers. Map adapted from AAD Data Centre, map catalogue #12817 

Glacier had continued to retreat along its lateral margins  and  the lagoon had grown in size (Fi-
gure 5.2C). In 1990, another aerial survey shows that the Brown Glacier was narrowing along 
its lateral terminus but the tip of the snout was still abutting the lagoon terminating on a small 
beach (Figure 5.2D). By 2000, the glacier had retreated further from the lagoon (Figure 5.2E). 
This retreat continued to 2004 with more channelled bedrock being exposed (Figure 5.2F). 

Most recently satellite images of eastern Heard Island have shown that there was a continued 
retreat of Brown Glacier terminus of 108 m2  between the  17  January 2003 and 30 January 2006 
Digital Globe Multi Spectral Images (see Appendix B.2). 

This chapter examines the two field seasons that Brown Glacier was surveyed, the first was 
from November 2000 to January 2001 (2000/01) and the second was from the end of December 
2003 to mid February 2004 (2003/04). These two surveys represent the most comprehensive 
measurements and observations of any glacier on Heard Island to date. 

There are only two reported surveys of Heard Island glaciers preceding the Brown Glacier 
surveys. One was on the Baudissin Glacier in 1948 (Lambeth, 1950) and the other was on 
the Vahsel Glacier in 1971 Allison (1980). There are also unpublished velocity and ablation 
measurements on Vahsel Glacier during the summer of 1986/87 by P. Keage (A. Ruddell unpub 
data, 23 November 2001) and unpublished velocity and net balance measurements on Brown 
Glacier from 1992 to 1993 by Vrana and Ruddell (unpub). 

The initial survey of Brown Glacier was developed by A. Ruddell and described in Truffer 
et al. (2001). The goal of the study was to characterise one of Heard Island's glaciers that had 
a relatively simple geometry and was easy to work on. The field plan included collecting data 
on the dynamic characteristics, mass balance, sub-glacial topography and recent fluctuations 
of Brown Glacier. Once the data was collected it was to be used to construct and validate a 
numerical model of the glacier (e. g., see Chapter 7). 
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5.1. Introduction 

Figure 5.2.: A photographic compilation of the frontal changes to Brown Glacier between 
1947 and 2004. Most of these photographs were taken on an opportunistic basis and there-
fore are not from the same orientation. Markers have been added to the photograph to help 
in distinguishing the changes in the glacier over time. Photo credits: A. RAAF, B. Budd and 
Stephenson (1970), Plate 5, C. J. Scott, D. AAD, E. D. Thost, and F. S. Donoghue. 

This first survey of Brown Glacier was undertaken from the middle of October until late 
November 2000 by three glaciologist from AAD: Martin Truffer, Doug Thost and Andrew 
Ruddell, operating from a small field camp (Brown Hut) near the foot of  the  glacier. During 
2000/01 the following field measurements were completed as listed in Truffer et al. (2001): 

• A differential Global Positioning System (DGPS) survey of the surface elevation along 
the centreline of the glacier and across five transverse sections 

• A DGPS survey of the location of the present terminus and the 1947 moraines 

• Bathymetric measurements of Brown Lagoon 

• Detailed ice thickness measurements across a transverse profile of  the  glacier at 500 m, 
and spot radar measurements of ice thickness across three other  profiles 

• Surface velocity measurements along the centreline of the glacier  (10  locations) and 
along two transverse profiles at 500 m and 400 m asl. Most of these  sites  were measured 
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5. Brown Glacier morphology, dynamics and mass balance 

over two epochs, and time varying velocity measurements were made for nearly four 
weeks at one site 

• Surface mass balance measurements during November at the location of all the velocity 
measurements (other members of the Heard Island 2000/01 field season made additional 
measurements in mid-January) 

• Temperature and density measurements, and snow sampling from a snow pit and a cre-
vasse 

• Detailed meteorological measurements from a temporary AWS (see Chapter 4). 

The second field season 2003/04 was undertaken from late December 2003 until mid February 
2004 by Doug Thost (AAD), Martin Truffer (University of Alaska, Fairbanks) and Shavawn 
Donoghue (UTAS). This second season, coordinated by D. Thost, was planned as a continua-
tion of the first survey. The measurements made during this second season included (as listed 
in Thost et al. (2004)): 

• Resurvey the glacier surface and terminus using DGPS 

• Establish and resurvey the centreline from 2000/01 survey with the addition of several 
transverse profiles on the upper glacier 

• Determine ice thickness at 750 m and 680 m asl, to supplement the 500 m as1 profile from 
the first season 

• Deploy three AWS (see Chapter 4) 

• Collect ice cores from the surface of the glacier and ice samples from crevasse walls for 
oxygen isotope and trace ion chemical analysis (see Chapter 6) 

• Deploy two sonic rangers to measure the diurnal variations in surface net balance 

• Resurvey the bathymetry of Brown Lagoon, and survey Stephenson, Compton and Wins-
ton lagoons 

• Measure outflow from Brown Lagoon. 

5.2. Field methods 

The field plans listed above revolved around the location of a stake network that was deployed 
on Brown Glacier. The distribution of stakes was along the approximate central flowline from 
Brown Glacier site 05 (BG05), approximately 500 m from the head of the glacier, at —500 m in-
tervals to Brown Glacier site 50 (BG50) near the terminus. With additional stakes at transverse 
profiles which varied between the two surveys. 

In the first field season, twenty 2.5 m bamboo canes were deployed on Brown Glacier from 
23 October to 25 November 2000 (Figure 5.3). At the end of November all but the longitudinal 
stakes were removed (BG05 to BG50) to meet environmental guidelines. 
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Figure 5.3.: The stake network and kinematic DGPS survey lines for the 2000/01 survey. The 
red lines indicate the survey lines on the glacier surface, the green lines are the moraine crests 
and terminus survey, the black line is the outline of the glacier as described in Section 5.3.1, 
the purple dots mark the location of the net balance stakes, and the blue line is the outline of 
the lagoon. The lagoon outline is not complete due to steep cliffs along the southern shore line. 
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5. Brown Glacier morphology, dynamics and mass balance 
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Figure 5.4.: The stake network and kinematic DGPS survey lines for the 2003/04 survey. The 
red lines indicate the major survey lines on the glacier surface, the green line is the terminus 
position (and a nearby rock outcrop), the purple dots mark the location of the net balance 
stakes, the blue line is the lagoon shore line, and the black line is the outline of the glacier as 
described in Section 5.3.1. 
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5.2.  Field methods 

In the second field season, from 21 December 2003 to 17 February 2004, twenty-six 2.4 m 
fibreglass stakes were deployed (Figure 5.4). This was a period of high melt which necessitated 
frequent trips to the stakes to ensure that they had not melted out of the glacier. The stakes 
were placed along the same central flowline (BG05 to BG50) as in the first season, however 
the BG35 and BG40 transverse profiles were not repeated, instead five additional transverse 
profiles were deployed between BG25 and BG05 (Figure 5.4). 

The stakes were then used as navigational points for the DGPS survey of the glacier surface, 
the ice radar data was collected along two of the net balance stake transverse profiles, the 
surface net balance was measured at each of the stakes, the stakes were used as reference 
points for the ice core and crevasse sampling. Additional survey of the glacier and surrounds 
included a measure of the lagoon bathymetry and the deployment of several AWS. 

5.2.1. Differential GPS surveys 

A Leica global positioning system (GPS) base station was set up on a rock outcrop near Brown 
Hut, at 53°04' 50.6748" S 73°40' 28.3220" E, during 2000/01 and reoccupied in 2003/04 (Fi-
gure 5.5). A roving automatic digital Gannin or Leica GPS was set to read at five second 
intervals was carried to record the glacier survey routes, the terminus position, surrounding 
rock outcrops and any other features of interest (Figure 5.3 and 5.4). The DGPS data was re-
corded at five second intervals and processed using the Leica Ski-Pro software (Thost et al., 
2004). The GPS antenna was fixed to the surveyor's backpack. The estimated uncertainty in 
vertical position is ±0.15 m (Thost and Truffer, 2008). 

GPS measurements on Brown Glacier include a kinematic survey of the surface, which was 
undertaken in November 2000 and repeated in January 2004. The two surveys followed the 
same longitudinal profiles, however not all of the original survey lines were repeatable due to 
highly crevassed areas especially along the northern margin of the survey line. The terminus 
of Brown Glacier was also surveyed in November 2000, December 2003 and February 2004 in 
conjunction with surveys of the lagoon shoreline in November 2000 and December 2003. 

DGPS base station 

Figure 5.5.: The DGPS base station location near Brown Hut (photograph taken in 2004). 
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Static GPS measurement were made of the 20+ stakes during both field seasons to measure 
the surface velocity (errors of +0.003 m d -1  for the shortest epoch) (Table 5.1). Each epoch 
was intended to be approximately one to two weeks long. Repeated failure of the DGPS equip-
ment at the beginning of the second season resulted in an extended January epoch. Happily 
these problems were remedied by the end of the field season. 

Table 5.1.: Length of velocity measurements intervals for both field seasons. 

Dates 	 Average number of days 
between measurements 

2000/01 
Early November interval 

	
27-28 Oct. to 7-9 Nov. 	 8.9 

Late November interval 
	

7-9 Nov. to 21-22 Nov. 	 10.1 
2003/04 

January interval 
	

22-28 Dec 203 to 20-26 Jan 2004 
	

30.5 
February interval 
	

20-26 Jan. to 9-12 Feb. 	 16.8 

Additional static DGPS measurements were made in the second season near the BG50 stake, 
in the ablation zone, to measure the diurnal surface velocity variations. Six-hourly measure-
ments began on 30 December 2003 and concluded on the 8 February 2004. 

5.2.2. Lagoon bathymetry 

The first bathymetric survey of Brown Glacier was conducted under difficult conditions from 
a small inflatable boat with no motor by M. Truffer and D. Thost in 2000/01 (Truffer et al., 
2001). Depth measurements were made using a weighted line and the location recorded with a 
hand held Garmin GPS. The maximum depth recorded was 52 m and the outline of the lagoon 
was determined from a kinematic GPS survey (see Section 5.3.1). 

A more detailed bathymetric survey was conducted in the second survey of Brown Lagoon 
(150+ depth measurements compared to 20 measurements in the first survey), and additional 
surveys were made of Compton, Winston and the northern Stephenson lagoons (Figure 5.6). 
Depth from the surface of Stephenson, Compton and Brown lagoons were measured using an 
acoustic depth sounder (Garmin "Fish Finder") mounted on an eighteen foot Zodiac Inflatable 
Rescue Boat (IRB). The location of each measurement was determined using a hand held Gar-
min GPS V. At various locations the depth recorded on the Fish Finder was checked with a 
30 m tape measure, and the accuracy was found to be within I m and ±5% for depths >30 m. 
The Surfer (Golden Software, Inc) mapping program was used to create bathymetric maps from 
these survey points. 

Winston Lagoon was surveyed twice: the first time on 21 January 2004 and the second on 
15 February. There were some modifications made to our set up of the Fish Finder for these 
surveys as a smaller inflatable boat was used. Otherwise our methods were the same. 

5.2.3. Ice radar 

The ice thickness of Brown Glacier was measured using a portable low frequency radio echo 
sounding (RES) system built by Icefield Instruments, Inc. On Brown Glacier both 5 and 10 m 
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Figure 5.6.: Digital Globe Satellite image of the eastern lagoons in January 2003 (AAD Data 
Centre map number 13275). 

dipole antennas were used, the length of which determines the frequency of the wave, 8.4 and 
4.2 MHz respectively. 

Numerous reflection points were acquired along lines tangential to the return ellipse which 
were used to define the glacier bed (Thost et al., 2004). The high frequency returns from 
the RES system were good despite problems sometimes encountered with small, steep walled 
glaciers (Welch et al., 1998), such as reflections in highly crevassed regions. To convert the 
travel time to ice thickness it is assumed that the radar travels through Brown Glacier ice at 
170 m As-  I  , similar to other surveys (e.g., Copeland and Sharp, 2001). The reported thickness 
is within +10%. This difference is associated with density variation between ice and firn as 
well as reading the two-way travel time from the scope metre (Thost and Truffer, 2008). 

Isolated ice thickness measurements were made at BG30, BG45 and BG50, and additional 
detailed ice thickness profiles were measured at BG35, BG25, and BG20 (Figure 5.3 and 5.4). 
The BG20, BG25, BG30 and BG35 profiles were in crevasse free areas providing a relative 
description of the bedrock topography, while the measurements at BG50  and  BG45 were in 
crevassed areas resulting in very localised depth measurements. 
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5.2.4. Surface net balance 

The surface net balance was measured from a combination of sonic rangers and surface net 
balance stakes. 

Sonic rangers The surface height profiler used on Brown Glacier was a Campbell Scientific, 
Sonic Ranger SR50. The sonic rangers were erected on  the  glacier using aluminium bi-poles 
(Figure 5.7). The poles were revisited to ensure that the distance between the sensor and the 
snow surface was less than 10  m.  The sonic rangers were  set  to measure the surface height every 
half hour with an accuracy of ±0.01 m. The measurements were corrected for the variance of 
the speed of sound in air using temperature data from AWS1. 

Figure 5.7.: Sonic ranger setup on Brown Glacier A. BG35-2004 sonic ranger is shown in the 
background with the albedometer in the foreground, and  B.  BG50-2004 (Photo D. Thost 2004) 
the sonic ranger is in the foreground with a GPS at the feet of the person to the left. The 
BG35-2000 set up is not shown. 

Net balance from stake networks The most widely used method to measure the loss of 
solid ice to ablation is by a network of ablation stakes on  a  glacier. On Heard Island neither of 
the survey networks were left in place for a full season, instead the first survey began in early 
spring and finished in summer, and the second survey began in summer and finished in late 
summer. 

In 2000/01, the height of the net balance stakes above the snow surface were measured to the 
nearest 0.005 m (estimated error ±0.01 m) on an opportunistic basis (e. g., in association with 
GPS surveys) every few days from 23 October to 25 November (Truffer et al., 2001) (Appendix 
D.1). Additional measurements of the longitudinal stakes were made on 12 January 2001, by 
P. Scott and A. Locke (Truffer et al., 2001). 

In 2003/04, the height of the net balance stakes above  the  glacier surface was measured (to 
the nearest 0.005 m and an estimated error ±0.01 m) every few days during GPS surveys, ice 
radar surveys and en route to core and crevasse sampling sites (Appendix D.1). The stakes 

were measured between 23 December and 18 February. 

5.2.5. Ice and snow sampling 

In 2000/01, a 0.8 m snow pit was dug near the BG35 stake, -100 m below the ELA (see Section 

5.5.1), to measure snow density, temperature and collect oxygen isotope samples (Truffer et al., 
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2001). Oxygen isotope samples were also collected from a crevasse wall at 1050 m asl on 
Brown Glacier (Truffer et al., 2001) (see Section 6.4 for crevasse location). Details on the 
results of the oxygen isotope analysis can be found in Section 6.7.7. 

Additional oxygen isotope samples were collected in 2003/04 from two ice cores and three 
crevasses (see Section 6.4 for core and crevasse locations). These snow and ice samples were 
also analysed for trace ions and visible stratigraphy. Results can be found in Section 6.6. 

5.2.6. Mobile automatic weather stations 

Two AWS were deployed during the 2000/01 season, BG AWS and BG35 AWS. Three addi-
tional AWS were installed in the 2003/04 season. Details of operational period and instruments 
can be found in Section 4.2. 

5.2.7. Meltwater survey 

Measurements were made of water discharge from Brown Glacier melt streams and the lagoon 
outlet to investigate the total runoff for this glacier basin. The flux of the six meltwater streams 
and the lagoon outlet were measured on 31 December 2003 (Figure ?? and Table 5.2). The 
total flux from these six streams was 1.35 m3  s - I  compared to the flux from the lagoon outlet 
stream of 1.48 m 3  s -1 . There was a 9% difference between the lagoon outlet and the total flux 
from the six meltwater stream measurements, with more flux measured from the lagoon outlet 
then from the six streams. 

Although this difference between the lagoon outlet and meltwater streams was 9 % it was as-
sumed that the extra lagoon flux was from meltwater stored in the lagoon (lag effect). In order 
to make some comparison with total runoff for the summer from the lagoon outlet measure-
ments only, it was assumed that the measured flux from the lagoon outlet and the six streams 
were similar enough to continue to only measure the lagoon outlet, five additional times throu-
ghout the summer. The lagoon outlet flux measurements provided an average flux over the 
summer of 3.33 ± 2.14 m 3  s - 1  , resulting in a total runoff flowing through the lagoon outlet of 
12.95 x106  m3 , over a 45 day measurement period. 

5.3. Morphology of Brown Glacier 

The 2000/01 kinematic surveys were the first detailed surface elevation survey of any Heard 
Island glacier. This survey followed the longitudinal stake profile with additional traverse 
profiles at BG50, BG45, BG45, BG15 and BG10. This survey measured the glacier surface of 
the northern margins of the glacier which were inaccessible in 2003/04. There were a total of 
684 coincident points between the two surveys (Figure 5.3 and 5.4) (Thost and Truffer, 2008). 
Additional coverage of the southern margins of the glacier were also surveyed in 2003/04. 

The kinematic surveys from two season were used to develop a digital elevation model of 
Brown Glacier. With a digital elevation model, and hence the surface topography, established 
any change in the surface height between the two seasons could be calculated and the lagoon 
outline and terminus locations could be determined with more accuracy. 
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Table 5.2.: Cross-sectional flow rates for the Brown Glacier outlet streams on 31 December 
2003 and the measured flux for the lagoon outlet stream on five additional days. 

Date Site Cross-section 
area (m2 ) 

Width 

(m) 

Av. 	flow 
(ms') 

Max. 	flow 
(ms) 

Flux 
( ,2 s --1 )  

31/12/03 Stream 1 0.298 0.56 0.16±0.02 0.37±0.05 0.05 
31/12/03 Stream 2 0.015 0.6 0.81±0.04 1.39±0.09 0.01 
31/12/03 Stream 3 0.447 4.2 1.11±0.03 1.63±0.07 0.49 
31/12/03 Stream 4 0.103 0.66 0.56±0.02 1.03±0.09 0.06 
31/12/03 Stream 5 0.706 2.9 1.00±0.08 1.59±0.07 0.71 
31/12/03 Stream 6 0.08 0.9 0.44±0.08 1.44±0.34 0.04 

Total Stream 1.35±030 
31/12103 Outlet 2.487 11.85 0.59±0.05 1.01±0.02 1.48 

15/01/04 Outlet 4.019 13.7 1.37±0.11 3.63±0.11 5.52 
23/01/04 Outlet 3.375 12.2 0.80±0.07 2.60±0.11 2.70 
29/01/04 Outlet 2.586 12.8 0.58±0.02 1.83±0.05 1.49 
7/02/04 Outlet 5.906 14.4 1.10±0.03 3.42±0.09 6.48 
11/02104 Outlet 3.818 13.7 0.61±0.01 2.01±0.06 2.33 

Av. lagoon flux 333±2.14 

5.3.1. Mapping the glacier 

An important part of the Brown Glacier survey was determining the present and estimating 
the 1947 boundaries of the glacier. The outline of Brown Glacier is difficult to distinguish at 
elevations above 550 m where the rock outcrops disappear and are replaced by a small ice field. 
On this ice field the boundaries between Compton and AU1121 glaciers from Brown Glacier 
are obscure, instead ice velocities and contour shape were used to define the ice divide between 
these three glaciers (Thost et al., 2004). 

Contour maps were produced from RADARSAT images of the island and GPS surveys. The 
most recent map for Heard Island was published in 2004 by AAD (Ryan, 2004). 

The first contour map and outline of Brown Glacier was defined using a DEM with a 50 m 
grid derived from RADARSAT data. A new 40 m grid DEM was developed in 2004 using the 
additional GPS points measured during the second survey (Figure 5.8A) (Thost et al., 2004). 
Thost et al. (2004) found that this new DEM improved the delineation of the ice divides and 
accompanying estimates of the glacier area and hypsometry. However they warn that at ele-
vations above 400 m there are still some uncertainties in the glacier boundaries and therefore 
glacier area. 

To reconstruct the 1947 Brown Glacier the lower contours were derived from the elevation 
of the lateral moraine crests and mapped in convex down glacier lines as is typical of ablation 
areas (Figure 5.8B). The upper glacier in 1947 was assumed to be very similar to the present 
(< 10 m in elevation difference). This is illustrated by comparing the 1947 aerial photographs 
and the RADARSAT image, which shows that the rock outcrop that AWS3 was located on in 
2003/04 was of a similar size in 1947 (Thost and Truffer, 2008). The terminus was assumed to 
be a 20 m ice cliff located along the current seaward side of the lagoon spit as observed in the 
1947 aerial photographs and surveyed in 2003/04. The 1947 Brown Glacier DEM was assumed 
to represent the glacier surface topography for the period between 1947 and 1954 during which 
observations indicated that the glacier remained relatively unchanged (see Section 2.4.1). 

78 



E 
cr) 
c 4118000 

*.E t  o z 

A 4120000 

B 1 1 1 I 

405000 	406000 	407000 	408000 	409000 	410000 	411000 

4119000 - 

E 4118000 - 

cm 
c 

LE -t o 
Z 4117000 - 

4116000 - 

1 	 1 	 1 	 1 	 1  406 1000 	407000 	408000 	409000 	410000 	411000 

_ 

- 

5.3. Morphology of Brown Glacier 
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Figure 5.8.: The 1947 and 2001 outlines and contour maps for Brown Glacier. 

5.3.2. Changes in the surface height and terminus 

The elevation change between December 2000 and December 2003 was used to estimate the 
change in the surface height and calculate the total volume change on Brown Glacier by Thost 
and Truffer (2008). They divided the glacier into a grid and surface height changes were 
calculated at each point as a distance weighted average of all points within a 1000 m radius. 

The surveys show that there has been a surface elevation change of the glacier by up to 
—11.7 m on the lower glacier with an average of —9.9 m below the BG40 survey stake, and 
—8.5 m on the upper glacier with an average of —5.9 m above the BG30 survey stake (Thost 
and Truffer, 2008). This is equivalent to an estimated loss of ice of 8.0±1.3 106  m3  a-1 . The 
error results from an estimated 0.4 m uncertainty in elevation from the correction between the 
January 2004 survey back to late December 2003, and an estimated error of 1.0 m from the 
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Survey 1,23 Nov 2000 
— Survey 2, 31 December 2003 
— Survey 3, 17 February 2004 

5. Brown Glacier morphology, dynamics and mass balance 

interpolation between the coincident points in each survey (Thost and Truffer, 2008). The 
DGPS errors are estimated at ±0.15 m range and are therefore negligible. 

Thost and Truffer (2008) showed that over the long term (1947 to 2003) Brown Glacier has 
lost an average ice volume of 3.1 x10 6  a-  I and an estimated 29% of its original area. The 
total ice loss was calculated from both subtracting the 1947 DEM from the 2003 DEM and 
using the results from the bathymetric survey. They found that the lagoon area accounted for 
approximately 5% of the total ice loss. The ice volume over this period has decreased by 
- 1.743x 108  m 3  (3.06 x m 3  a -1 ), which is equal to an average surface lowering of 28.2m or 
0.50 m a -1 . This is a minimum estimate as the ice volume loss was assumed to be zero at 
higher elevation on the glacier (>650 m). Thost and Truffer (2008) estimate this ice loss value 
could be underestimated by up to - 25%. 

Additionally over the short term (2000 to 2003), a GPS survey was used to map the changes 
in  the terminus position. Figure 5.9 shows the Brown Glacier terminus position on 23 Novem-
ber 2000, 31 December 2003 and 17 February 2004. Between 1947 and 2003 Brown Glacier 
has retreated a total of 1.2 km with an average retreat of  the  terminus of 20.3 m a -1  (Thost and 
Truffer, 2008). This retreat of  the  terminus is equivalent  to  the retreat rate from 1947 to 2003 
of  20.9 m a -1  and from 1980 to 2003 of 20.6 m a -1 . This retreat rate across the lagoon would 
have been faster than on land, and likely to be disconnected from the climate signal. 
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Figure 5.9.: Location of the 23 November 2000, 31 December 2003 and 17 February 2004 
terminus positions of Brown Glacier. The 1947 terminus position (not pictured) was located 
further east along the seaward size of the present lagoon spit. (Adapted from Thost et al. 
(2004)). 

5.3.3. Bathymetric maps 

As the glaciers retreat inland proglacial coastal lagoons have been developing on the coastline 
of eastern Heard Island. Winston Lagoon was first observed during the 1947 aerial survey, 
with the other lagoons (Compton. Brown, and Stephenson) beginning to form in the 1960s and 
1980s (Figure 5.6). These smallest and simplest of lagoons develop at the mouth of meltwater 
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5.3. Morphology of Brown Glacier 

streams (Bird, 1994) where moraines and sand bars along the coast act as barriers, which force 
the flooding of glacier carved valleys, abandoned by retreating glaciers. These simple moraine 
barriers tend to be breached from time to time by storm waves and glacial meltwater outflow 
only to be rebuilt by wave action. Most importantly, these lagoons are glacial features that 
preserve former glacier depth and help to estimate previous ice thickness. 

The four main eastern lagoons were surveyed and a bathymetric map produced for each 
(Appendix D.2). These bathymetric maps are useful tools in interpreting the past ice thickness 
of the glacier. The maximum recorded depth from each lagoon provides a measure of ice 
thickness, assuming that there has been some sedimentation and/or erosion since the lagoon 
formed. 

On 17 January 2004, the northern section of Stephenson Lagoon was surveyed. The maxi-
mum depth recorded was 113 m (Appendix D.2.1). There was some error in the acoustic depth 
sounder readings near the terminus due to reflections from submerged iceberg keels. These 
values were omitted from the bathymetric data. 

On 3 February 2004 both the Brown and Compton lagoons were surveyed. The resulting 
bathymetric map of Brown Lagoon shows that the northern side of the lagoon was shallower 
than the southern side (Appendix D.2.2). Brown Lagoon was also the smallest and shallowest 
of all of the lagoons measured. Its maximum measured depth was 56 m, compared to > 100 m 
recorded in the other three lagoons. 

Compton Lagoon has a roughly symmetric bathymetry (Appendix D.2.3). The deepest mea-
surements were made near the centre of the lagoon. Compton was the second shallowest of the 
lagoons with a greatest measured depth of 100 m. Compton Lagoon is open to the sea allowing 
more wave action to effect the glacier and resulting in increased retreat of the ice front. In 
addition the high sea water content and wave action in the lagoon has resulted in the lagoon 
staying ice free during the 1992/93 season compared to Stephenson Lagoon which was covered 
in ice (Green, 1993b). 

Winston Lagoon has a more complicated bathymetry (Appendix D.2.4). A comparison with 
the bathymetric map produced by Kirkwood and Burton (1988) indicates that there has been 
no significant change in the lagoon over the last - 15 years. However there has been some 
change in the geometry of the lagoon due to the breach of the lagoon between March 2000 and 
December 2003, which resulted in the deepening at the breach channel by - 20 m. 

These lagoon surveys indicate that the Compton, Brown and Stephenson glaciers were pro-
bably > 100 m thick in some parts of their ablation areas in the - 1950s based on moraine 
heights, aerial photographs and depth of the lagoon. The Winston Lagoon could have been as 
much as 200m thick based on the 90 to 100 m lateral moraine heights, but it is more difficult 
to determine when the glacier reached the coast as the first aerial photographs show the lagoon 
fully formed, and breached, in 1947. 

5.3.4. Ice thickness measurements 

The lagoons provide an indication of the past ice thickness, while the present ice thickness 
was measured by RES. The majority of the RES traces depict bedrock that is less than 100 m 
below the ice surface. The maximum recorded ice thickness of 112 m was along the BG35 
profile (Figure 5.10). This detailed profile also revealed a bedrock composed of two small 
parallel valleys separated by a subglacial ridge (Thost and Truffer, 2008) (Figure 5.10). This 
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subglacial ridge separates the lower glacier into a northern valley that terminates in a zone of 
slower moving ice above BG40 leaving only the southern valley to contribute to the glacier 
terminus. The cross sectional area of the BG35 profile is 6.02 (±0.24) 104  m2 . 
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Figure 5.10.: Cross section  RES  profiles looking down glacier for all of the profiles. The 
2003/04 bedrock outline are estimates only and shown  as  dashed lines. 

Although the localised RES traces at BG30, BG45  and  BG50 do not show as much detail 
as the BG35 profile they are useful for estimating average ice thickness along each profile of 
58.8 m, 80.7 m and 41.8 m, respectively (Figure 5.10). 

Comparatively, the more detailed BG20 and BG25 profiles, on the upper glacier, reveal more 
bedrock features (Figure 5.10). The southeastern margins of the RES traces show an ice divide 
between Brown and AU 1121 glaciers. This is more evident in the BG25 profile than the BG20 
profile. The BG25 trace also provides the first glimpse  of  the AU1121 glacier basin (Figure 
5.10). 

5.4. Surface velocity and mass flux 

The ice thickness profiles at BG35. BG20 and BG25 can be used in conjunction with the 
surface velocity measurements that were measured during the two season to estimate the mass 
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5.4. Surface velocity and mass flux 

flux through each cross section. The surface velocities can also be used to determine any 
seasonal changes and to look for diurnal variations in surface ice flow. 

5.4.1. Surface velocity 

The average surface velocity of Brown Glacier was calculated from DGPS measurements 
(Table 5.3 and 5.4). The surface velocities in 2003/04 averaged 0.101 m d -1  in the January 
interval and 0.069 m d -1  in the February interval, which is a change of 22.5% (Figure 5.11). In-
dividual sites changed as much as 36% (0.101 to 0.071 m d -1  at BG25 and 0.042 to 0.027 m d -1  
at BG256) (Thost unpub. data). In 2000/01, the surface velocities were closer in value with an 
average of 0.112 m d -1  in the early November interval and 0.103 m d -1  in the late November 
interval, which is an average difference of only 3.4% (Thost unpub. data). 

Table 5.3.: Surface velocity measurements from the first field season. The sites are separated 
into the longitudinal profile followed by the two traverse profiles. 

Survey 
site 

Elevation 

(m) 

Days in early 
November 

interval 

Average 
velocity 
(mid) 

Days in late 
November 

interval 

Average 
velocity 
(mid) 

2000 

BG05 1061 12.90 0.061 11.99 0.053 

BGIO 958 12.97 0.047 11.99 0.050 

BGI5 865 13.04 0.076 11.99 0.065 

BG20 755 13.12 0.080 11.98 0.082 

BG25 678 12.98 0.082 11.98 0.084 

BG30 586 12.95 0.095 11.98 0.094 

BG35 498 10.87 0.125 13.80 0.120 

BG40 414 11.00 0.158 14.14 0.155 

BG45 304 10.95 0.175 14.99 0.179 

B050 187 9.95 0.155 15.00 0.155 

BG35 1 494 12.89 0.025 

BG352 499 12.89 0.058 

BG35 498 10.87 0.125 13.80 0.120 

BG353 496 12.89 0.122 

BG354 494 12.90 0.112 

BG355 492 12.91 0.112 

BG401 414 11.01 0.062 14.95 0.049 

BG402 415 10.94 0.126 14.95 0.128 

BG40 414 11.00 0.158 14.14 0.155 

BG403 414 10.85 0.168 14.98 0.161 

BG404 418 10.76 0.162 14.98 0.158 

The greatest surface velocities measured for both seasons tended to be in the lower, stee-
per sections of the glacier (BG30-50). The highest velocity measured in either season was 
0.179 m4:1 -1  at BG45 in the first field season (Table 5.4). The measurements at BG151 and 
BG152 in 2003/04 of 0.187 and 0.342 m d -1  respectively, were suspect and therefore not consi-
dered further (Table 5.4). 

The lowest surface velocities were measured in the upper sections and along the margins of 
the glacier. These regions include the BG05 and BG10 survey lines, the western sections of 
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Note the difference in vector direction 
- between the two 2000 intervals 
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2000 Late Nov. interval 
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5.4. Surface velocity and mass flux 
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Figure 5.11.: The surface velocity vectors from the two field seasons DGPS surveys. The 
Brown Glacier outline and the locations of the longitudinal stakes are indicated. Note that the 
site of the BG15 and BG05 stakes were different for the two seasons. 

measured at BG05 (by as much as 0.03 m 	) due to substantial pole tilt (Truffer et al., 2001). 
Given that the first survey velocities have not changed significantly between these two intervals 
there are no indications that there is an increase in velocity this early in spring. It is possible 
that these surveys were completed before spring conditions began as no widespread melt was 
observed during the surveys (Truffer et al., 2001). 

In 2003/04, the surface velocity profile is near coincident with the first survey except at the 
BG05 and BG15 stakes (Figure 5.12). The velocities measured at BG05 in the second survey 
should have been higher given they were measured later in the melt season. Instead these lower 
values may be due to the 2003/04, BG05 stake being located 80 m north northeast and down 
slope of the 2000/01, BG05 stake, where the surface slope had a lower surface gradient (Thost 
and Truffer, 2008). The high velocity measured during the February interval could also be a 
result of the placement of the stake. In the second survey, the BG15 stake was located closer 
to the central flowline, which may explain the higher velocities at this stake than in the first 
survey. 

Comparison with earlier velocity data In addition to the two field season's velocities, 
measurements from Brown Glacier were also measured over one period from 17 September 
1992 to 25 February 1993 by A. Vrana. The measurements were along a transverse profile 
across the glacier at elevations of 600 to 720 m, near the BG20 and BG25 stake profiles (670 
to 703 m asl) (Figure 5.13). A comparison between the average velocity over these three field 
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Figure 5.12.: Longitudinal profile surface velocity measurements from both DGPS surveys. 

seasons (Table 5.5) shows that the highest velocities  were  measured between 27 October and 
21 November 2000 and 27 December 2003 and 26 January 2004. 

Figure 5.13.: Approximate location of the 1992/1993 survey line (T1 to T8) on Brown Glacier 
based on pers. corn. with A. Vrana (21 January 2008). Background image: 2001 Digital Globe 
satellite image. 

These records provide yet more evidence of the seasonal variability in Brown Glacier velo-
city. A measure of the annual velocity changes on Brown Glacier would provide greater insight 
into the changes that occur on the glacier throughout a balance year, but are unavailable. 

5.4.2. Seasonal variability of velocity 

While the velocity data from the two surveys does not  allow  a detailed analysis of the seasonal 
variation in velocity of Brown Glacier, there is an indication of a seasonal change in velocity. 
By averaging the velocities along the central flow line (longitudinal profile BG05 to BG50) 
for each interval, for both survey years, a seasonal variation becomes evident (Figure 5.14). 
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5.4. Surface velocity and mass flux 

Table 5.5.: Comparison between the 1992 to 1993 and the velocity values from the two recent 
surveys. 

Survey Site Start date End date Average velocity (ma') 

1992-93 600 to 720 m elev. 16 September 1992 25 February 1993 25.7 
2000/01 BG25 27 October 2000 21 November 2000 29.2 
2003/04 
2003/04 

BG25 to BG256 
BG251 to BG258 

27 December 2003 
27 December 2003 

26 January 2004 
9 February 2004 

29.2 
21.9 

This seasonal change profile suggests that the peak flow rates occur in mid-summer (January), 
following a period of near constant velocities in spring (Oct-Nov) (Table 5.4). 
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Figure 5.14.: Seasonal change in velocity measurements on Brown Glacier from the two field 
seasons. 

Peak velocities are closely correlated to periods of high temperature and precipitation, which 
implies a correlation between large water input into the glacier and high water pressure events 
(Hooke et al., 1983, 1989; Jansson, 1996). There were several days in January when there 
was significant water running along the surface and many subsurface streams could be heard 
during surveying activities. Temperatures recorded at the AWSI and the total precipitation 
recorded at Brown Hut are both higher in January than February (Table 5.6). Although it 
should be noted that the January survey period is almost twice as long at some sites as the 
February interval and may account for some of the differences when comparing the January 
and February temperature, precipitation and velocity records. 

Table 5.6.: The change in average centre line velocity for both of the second survey intervals, 
the average of the 10 minute average temperatures from AWS1 (115 m) for both periods, and 
the total precipitation that occurred at Brown Hut during each interval. 

January interval February interval 
Average temperature ( ° C) 4.7 4.2 
Precipitation (mm d-1 ) 17 4 
Velocity (m d-1 ) 0.11 0.09 
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5. Brown Glacier morphology, dynamics and mass balance 

Seasonal changes in the velocity are a result of the variability in the supraglacier and engla-
cial drainage systems. Supraglacial drainage systems, such as the dendritic drainage network 
in the surface snow, do not contribute significantly to the seasonal velocity variability (Benn 
and Evans, 1998). However when melting is high enough surface channels will form hastening 
the flow of water along the surface dropping into moulins or radiating towards the margins. 

The supraglacier channels and the englacial moulins drainage networks are strongly de-
pendent on the amount of water available during the melt season. However other studies show 
that not all high water events result in high velocity events, nor do high precipitation events 
late in the season produce high velocity events comparable to those that occur in the warmer 
months (e.g., Hooke et al., 1983; Iken and Bindschadler, 1986; Hooke et al., 1989; Jansson, 
1996). Brown Glacier had a lower velocity in February then in January, this is despite the warm 
temperatures that were still present in February at sea level, Spit Bay average temperature for 
February 2004 was 4.2° C. 

5.4.3. Diurnal variability in glacier speed 

Diurnal velocity variability was measured near the BG50 stake from 30 December 2003 to 8 
February 2004. Two periods of measurements are used to illustrate diurnal variability; the first 
was between 2 and 7 January 2004 (three measurements per day 6 to 12 hours apart) and the 
second was between 1 and 8 February 2004 (four measurements per day 6 hours apart). These 
two periods were selected because they are the longest period of continuous measurements 
available. 

The 2 to 7 January epoch has no discernible time related variability (Figure 5.15A). This 
was also a period when the crevasses surrounding BG50 stake and GPS were still covered in 
snow bridges. Higher melt rates and therefore higher velocity occurred later in the season. 
Beginning around 10 January the surface snow and snow bridges began to melt exposing more 
crevasses and hence providing more conduits for surface meltwater and precipitation to more 
quickly reach the bedrock. 

In contrast, the 1 to 8 February epoch did show a diurnal variability from 1 to 6 February. 
There were higher velocity rates measured at midnight than at midday (LST) (Figure 5.15B). 
This implies that more melt was reaching the bedrock later in the day and effecting the basal 
sliding and hence surface velocity. 

This cyclical period ends after midnight on 6 February 2004. The 6:00 LST measurement on 
6 February was very high (5.70m d -  ), compared to the velocities measured over this period 
at the BG50 stake of 0.136 m (1 -1  from 22 January to 9 February. The event that has occurred 
over this period resulted in the velocities dropping to similar values as the January epoch, with 
less evidence of a diurnal cycle. Although no precipitation was recorded at Brown Hut on the 
6 February, the peak in velocity could be attributed to a fan wind that began at 4:20 LST on 
5 February resulting in high temperatures until 21:30(5 February) at AWS2 and until 3:20(6 
February) at AWS3. These high temperatures 10° C) resulted in melting of the snow surface, 
which percolated into the underlying ice reaching the bedrock and causing an increase in basal 
sliding, which caused the short term increase in surface velocity. This is further supported by 
a high meltwater discharge of 6.475 m 2  s - I  measured at the lagoon outlet (on the 7 February), 
'which is twice the average lagoon outlet discharge of 3.33 m 2  s - I  . 
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Figure 5.15.: Velocity measured by the DGPS unit near the BG50 stake. A. 2 to 7 January 
2004 and B. 1 to 8 February 2004 

5.4.4. Effects of geothermal heating on velocity 

The volcanic activity on Heard Island may also influence the velocity of Brown Glacier. A 
volcano can effect the underlying and surrounding glaciers in a variety of ways: from increasing 
the geothermal heat, to melting the surface of the ice by lava flows, or dramatic changes in the 
subsurface topography. 

Regions with high localised geothermal heat can result in faster ice flow (e. g., Iceland (Bour-
geois et al., 2000)) due to the influence of increased meltwater at the base of the glacier. Al-
though the mechanism and subglacial dynamics of the effects of geothermal heat are not well 
understood many attempts have been made to model the effects of geothermal heat on glaciers 
in volcanically active locales. 

Williams (1998) modelled changes in the dynamics of the Mary Powell and Vahsel glaciers, 
located on the northern and western coasts of Heard Island. He found that a tenfold increase 
in geothermal heat flux had a negligible effect on the mass balance of these two glaciers. He 
calculated the geothermal contribution to the melt rate as being 2 to 5% at the ELA, whereas an 
increase of 1°C resulted in a 38% increase in melt rates at the ELA. In this current study, the 
seasonal changes found in the velocity of Brown Glacier between October and February also 
decreases the possibility that geothermal heat from the active Big Ben volcano are contributing 
significantly to basal melt. Sturm (1995), who was studying glaciers in Alaska on Mt. Wran- 
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gell, found that a glacier with little or no seasonal velocity change is likely to be influenced by 
volcanically derived geothermal heat, as volcanically derived water would be produced year 
round unlike surface melt and runoff. 

It has already been mentioned that there was a change in the surface melt on Brown Glacier 
during 2003/04 (see Section 5.4.2). Also, during both surveys observations of the meltwater 
stream flow volume and the flow of the waterfall, that descends from a cliff below where the 
northern margin of the glacier terminates into an area of slow velocity. At the beginning of 
the first survey there was little surface melt and the waterfall did not start flowing until the end 
of the season. In 2003/04 there were high surface melt rates especially in January 2004 and 
the waterfall was flowing throughout the season. The waterfall was observed to have high flow 
periods in particular on 14 January 2004. At the same time the small sand delta near Brown 
Lagoon was flooded by meltwater. 

The observations in this study have further contributed evidence that volcanically derived 
geothermal heat flux is not the driving force behind the retreat of Heard Island's glaciers as 
has already been reported by Allison and Keage (1986), Williams (1998), Thost and Truffer 
(2008), among others. 

5.4.5. Mass flux 

Nye (1965) showed how mean velocity, (U), of a cross section of a glacier can be determined 
from the mean of the surface velocity (see Section 7.5.1 for more details). The ratio between the 
mean velocity over the surface (U5 ) and the mean velocity over the section as described by Nye 
(1965) is presented in Table 5.7, for a channel of parabolic cross sectional shape. This Table 
shows that for W > 2, Us  is very close to U, where W is the half-width/depth of the channel 
and f a stress shape factor dependent on the shape and dimensions of the cross section, which 
Nye (1965) defines as differential motion only (DMO). These calculations are based on n = 3, 
which is the power law in Glen's (1955) flow law. n = 3 was derived from experiments on 
the steady creep of ice in the laboratory under uniaxial compressive stresses between I and 10 
bars. 

Table 5.7.: The velocity ratios in parabolic channels from Nye (1965). 

The surface velocity was measured over three transverse profiles (Table 5.3 and 5.4) and 
was used in combination with the RES data (Figure 5.10) to calculate the mass flux of Brown 
Glacier. The mass flux (Q„,) is calculated from U over the transverse profile and the cross 
sectional area of the glacier (11g ) calculated from the RES and DEM data (Table 5.8), and can 
be given by: 

Q„, = U x 	 (5.1) 

The ice flux through the BG35 profile was calculated from the average velocity measure-
ments from both the early and late November epochs, and the detailed RES profile measured 
during 2000/01. The RES profile does not extend the entire width of the glacier (Figure 5.16). 
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The ice thickness for the northern margin of the BG35 profile was estimated based on the RES 
measurements. This resulted in an ice flux of 3.0 x106  m3  a -1  for the early November interval 
and 1.6 x106  m3  a -1  for the late November interval (Table 5.8). 

Table 5.8.: Mass flux through three transverse profiles on Brown Glacier.  The  velocity is ave-
raged over the length of the corresponding field season, (13 to 52 days). The relevant intervals 
are included for the two ice flux measurements. 

Ice flux (m 3  a-1 ), 
Profile Average 

velocity 
Total cross 

sectional area 
Ice flux 

(m3  a-1 ), early 
late Nov. 

Average ice flux 
(m3  a -1 ) 

(ma-1) (m2) Nov. 

BG20 26.0 73164 1.6x106  (Feb) 2.2x106  (Jan) 1.9x106 	1.54x105  
BG25 23.4 86599 1.7x106  (Feb) 2.5x106  (Jan) 2.1x106 ± 1.10x105  

3.0x106  (early 
BG35 35.1 64741 1.6x106  (late 2.3x106 + 1.78x105  

Nov.) 
Nov.) 
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Figure 5.16.: The location of the BG20, BG25 and BG35 mass flux profiles. 

The upper two profiles, BG20 and BG25 from 2003/04, also do not extend to the full width 
of the glacier, both survey profiles were restricted due to crevassed areas (Figure 5.16). Despite 
this limitation the ice flux through these less detailed profiles were estimated by projecting the 
trend in the bedrock of each profile to the estimated width of the glacier. 

The BG25 RES profile extended 120 m beyond the southern margin of  the  glacier and was 
short 110 m of the northern margin of the glacier (Figure 5.16). The trend  in  the northern be-
drock was used to project the ice thickness. The ice flux across the entire profile was estimated 
as 2.5 x106  m3  a -1  for the January interval and 1.7 x106  m3  a-1  for  the  February interval (Table 
5.8). 

The BG20 profile was 420 m short of the southern margin and 70 m of the northern margin 
(Figure 5.16). Again the trends in the bedrock was used to project the ice thickness. The ice 
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flux was then estimated as 2.2 x10 6  m 3  a -1  for the January interval and 1.6 x10 6  m3  a-1  for the 
February interval. • 

5.5. Surface mass balance of Brown Glacier 

The mass balance of Brown Glacier can be estimated based on the ELA, and surface net balance 
measurements. 

5.5.1. Equilibrium line altitude 

The upper part of a glacier is a region of more accumulation than ablation. This region is called 
the accumulation zone. Continuing down glacier, is the snow line. The snow line at the end 
of the melt season is often misinterpreted as being the same as the equilibrium line, which 
is where the amount of accumulation equals the amount of ablation on the glacier. Further 
down-glacier from the equilibrium line is the ablation zone. 

There are several methods that can be used to estimate the ELA in remote locations. These 
include the snowline height at the end of summer, accumulation area ration (AAR), and surface 
contours. Each of these are investigated in order to estimate the 1947 and 2003 ELA. The shifts 
in the ELA between these two periods indicate changes in the climate conditions on Heard 
Island. 

The ELA for Heard Island was first estimated from snowline elevation at the end of summer, 
assuming that in this maritime location that the ELA and snow line were coincident, by Lam-
beth (1950) in 1948 and 1949. He reported that the snowline of the Atlas Cove glaciers was at 
300 m as1 from December to April and at sea level from July to September. The next published 
observation of snowline height was in March 1971 by Allison (1980) on the Vahsel Glacier of 
250m asl. 

These initial observations were supplemented by an aerial photographic survey in 1948, 
which was repeated in 1980. Later, in the 1990s, geo-referenced satellite imaging significantly 
improved the accuracy of Heard Island's glacier topography. Ruddell (2006) estimated the 
snowline elevation using both of these aerial surveys, but predominately used SPOT satellite 
images from 9 January 1988 and 31 March 1991. On both of these occasions the average 
snowline elevation was 315 m as1 yet individual glacier's snowline ranged from 100 to 700m 
as1 (Figure 2.4). The highest snowline heights were observed on Compton, AU1141, Winston, 
AU1191, Gotley and AU1121 glaciers (Ruddell, 2006) indicating that there is a precipitation 
shadow to the east of the island, however precipitation records (Section 4.3.2) show that in 
some locations on the east get higher precipitation rates than the west. The lowest snowline 
heights were for glaciers along the northern part of the island from the Allison Glacier, in 
the west, to Stephenson Glacier, in the east (except Compton and AU1121 glaciers) (Ruddell, 
2006). 

The 1948, 1988, and 1991 observations are very similar, which is unusual given the typically 
variable climate of maritime glaciers (Ruddell, 2006). The low variability in snowline height on 
the island over the last - 50 years could be due to the satellite images only provide a 'snapshot' 
often at wrong time of year of the snowline. The SPOT satellite image for 9 January 1988 shows 
a predominately seasonal snow cover on the lee side of Big Ben, where despite a northerly 
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aspect there is a lower snowline height (Ruddell, 2006). This image suggests a high probability 
of the seasonal snow cover affecting the observed location of the snowline  on  Heard Island. 

The snowline on Brown Glacier in February 2004 was observed to be between BG40 and 
BG45 at approximately 375 m as!. To determine any shift in the ELA between 1947 and 2004 
two less accurate ways of estimating the ELA were used, accumulation area ration (AAR) and 
surface contours. The AAR, which is the ratio of the accumulation to ablation area, was used to 
estimate an ELA of 350m in 1947 and -500m in 2004. An ELA of 350m  in  1947 and 600 m 
in 2004 were estimated based on where the surface contours change from concave to convex 
down valley. 

5.5.2. Density of snow 

The 0.8 m snow pit dug in 2000/01 near the BG35 stake is the only measured density value 
on Brown Glacier (Truffer et al., 2001). Truffer et al. (2001) found an average density of 
790 kg 111-3  (Figure 5.17), which is in the range of 'very wet snow and  fim'.  The density of 
snow and ice typically ranges from 50 to 70 kg IT1-3  for new dry snow, 400  to  800 kg rr1 -3  for 
fim and 830 to 917 kg M-3  for glacier ice (Paterson, 1994). 

Figure 5.17.: Density profile from the 2000 snow pit at BG35. Red line is the average. Note 
there was one measured value of 940 kg m 3  which is greater than ice. The accuracy of these 
measurements are ± 5%. 

The 2000/01 snow pit average density was used to estimate the surface density at other 
elevations on Brown Glacier in conjunction with surface and crevasse observations (Table 5.9). 
It was assumed that there would be a decreasing density of the surface snow with elevation, i. e., 
the accumulation area would be snow covered compared to the bare ice surrounding BG45 and 
coincidental BG50 stakes in the ablation zone. It is acknowledged that these estimated densities 
could be in error. 

The average density of the ice cores and crevasse samples were assumed to be the same as 
the snow pit average of 790 kg m -3 . This is a best estimate given the limited measurements of 
density on Brown Glacier. 

These density estimates were used to determine the snow water equivalent (SWE or w.e.), 
which is the amount of water equivalent of the snow pack. SWE is the essential snow pack 
measurement. SWE is defined as: 
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Table 5.9.: Estimated density of surface snow on Brown Glacier. 

Site  Elevation (m asp Density (kg m -3 ) 
BG05 	1030 	 500 
BGIO 	955 	 500 
BG15 	866 	 500 
BG20 	752 	 500 
BG25 	673 	 500 
BG30 	582 	 500 
BG35 	492 	 600 
BG40 	407 	 700 
BG45 	296 	 850 
BG50 	179 	 850 

p x snow depth 
SWE = 	 (5.2) 

Pw 
where p is the estimated density at that elevation and p,„ is the density of water, and is typically 
given as m w.e. The SWE is used as a measure of the quantities of runoff and an estimate of 
the amount of liquid precipitation falling as snow (Singh and Singh, 2001). 

5.5.3. Surface net balance measurements 

The remote location, infrequent visits, variable surface conditions of Heard Island glaciers 
mean that there is only poor knowledge of Heard Island's surface mass balance. In both surveys 
stake networks and downward looking sonars were deployed to measure the distance to the 
glacier surface at a number of sites along Brown Glacier. These provided point measurements 
of the net balance which could be projected over larger areas of the glacier in order to determine 
the net balance of the glacier as a whole. 

Downward looking sonars The results from the sonic ranger erected near the BG35 survey 
stake indicate that in 2000 there was net accumulation from the end of October until the end 
of November (average rate of 6 mm d -1  w.e.). The BG35 sonic ranger also recorded a possible 
fan wind induced melting on the 25 November (Truffer et al., 2001) (see Section 4.4.4). 

Two sonic rangers were erected in 2003/04, one at BG35 (492 m as!) and the other near the 
BG50 survey stake (179 m asp. There was a change in the BG35-2004 ablation from an average 
rate of -43 mm d -1  w.e. at the beginning of January to an average rate of -11 mm d -1  w.e. 
from the end of January to mid February. The net ablation at BG50-2004 remained relatively 
constant over the recorded period of 51 days with an average rate of -46 mm d -1  w.e. 

Stake networks Stake height measurements in 2000/01 (Table 5.10) recorded net accumula-
tion at and above BG20 from 23 October to 12 January. The BG25 stake recorded net ablation 
between 23 October and 22 November and between 23 November and 12 January. On the lower 
glacier (BG30 to BG50) net accumulation was recorded at all stakes except BG40 from 23 Oc-
tober to 22 November. There were two solid accumulation events recorded during November 
2000, one between the 1 and 4 November and the other on 13 November (Truffer et al., 2001). 
After 25 November there were no measurements of the stake height until 12 January when two 
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Spit Bay expeditioners resurveyed the longitudinal stake line. Between 26 November and 12 
January there was net ablation at and below BG40 (the BG50 cane was lost). 

Table 5.10.: Net balance values for the stake network from 23 October 2000 to 12 January 
2001. The densities used for water equivalent conversions are listed in Table 5.9. 

Site Elevation (m) Total net balance (mm w.e.) Average net balance (mm d — I  w.e.) 
BG05 1061 453 9 
BGIO 958 580 11 
BG15 865 843 18 
BG20 755 105 2 
BG25 678 —82 —2 
BG30 586 720 14 
BG35 498 1717 34 
BG40 414 —309 —6 
BG45 304 113 2 
BG50 187 38 1 

The 2003/04 stake network recorded an overall net ablation at all canes (Table 5.11). The 
highest ablation periods were between 2 and 10 January and 13 and 20 January. During both 
of these periods almost 1 m of snow loss was recorded for the canes between BG30 and BG50. 
Three solid accumulation events were recorded during the field season, one between 20 and 22 
January, another between 26 January and 2 February, and the last between 12 and 13 February. 
The sporadic distribution of these solid accumulation events indicates storms in the area. It 
should be noted that these solid accumulation events do not show any indication of how much 
liquid precipitation may have fallen on the glacier over this period. Rainfall was only measu-
red at Brown Hut and an estimate was made of average precipitation over the catchment (see 
Section 5.5.4). 

Table 5.11.: Net balance for the 2003/04 stake network. Measurements were made between 30 
December and 18 February. The densities used for water equivalent conversions are listed in 
Table 5.9. 

Site Elevation (m) Total ablation (mm w.e.) Average ablation (mm d -1  w.e.) 
BG05 1030 —745 —147 
BGIO 955 —1133 —222 
BG15 866 —1243 —244 
BG20 752 —1253 —237 
BG25 673 —1209 —230 
BG30 582 —1258 —237 
BG35 492 —1662 —302 
BG40 407 —2342 —426 
BG45 296 —2100 —403 
BG50 179 —3094 —523 

Net balance from surface measurements Stake networks provide a greater area of speci-
fic net balance measurements then the sonic rangers. Yet sonic rangers were useful in providing 
a more continuous record of the snow surface height. Comparisons made between the sonic 
ranger and the stakes indicate some differences between measurements (Figure 5.18). 
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In 2000/01. the BG35 sonic ranger and stake measurements correlated well over the entire 
26 day period (Figure 5.18A). Due to intermittent readings of the BG35-2004 sonic ranger a 
comparison with the stakes is only possible for the beginning of the season (Figure 5.18B). The 
stakes alone provide a better estimation of the ablation for the rest of the season. The BG50- 
2004 stake and sonic ranger records differ slightly as the season progressed (Figure 5.18C). 
This divergence of measured heights could be due to the cane and the sonic ranger being — 50 m 
apart and therefore local variability of the glacier surface coming into effect (Thost et al., 2004). 
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Figure 5.18.: Change in surface height recorded with  the  sonic ranger and compared to the 
cane measurements at: A. BG35 in 2000/01, B. BG35 in 2003/04 and C. BG50 in 2003/04. 

The net balance measured along the longitudinal  stake  line between 25 October and 25 
November 2000 was predominately of accumulation (Figure 5.19A). The next measurements of 
the longitudinal stake line net balance was between 26 November 2000 and 12 January 2001. 
During this period there was accumulation still occurring on the upper glacier and ablation 
had begun to dominate on the lower glacier (Figure 5.19A). The highest ablation period was 
recorded between 23 December 2003 and 22 January 2004. The net balance was more negative 
near the terminus then near the top of the glacier (Figure 5.19B). January was the peak ablation 
period in 2003/04 as records from 23 January to 18 February indicate that the over all ablation 
had once again decreased (Figure 5.19B). Although, as  on  every glacier, there was still more 
net ablation near the terminus than any where else on the glacier. 

The seasonal and spatial variability of the net balance on Brown Glacier is assumed to 
be high, based on the high winds and localised accumulation observed on Brown Glacier in 
2003/04. The variability in the net balance is noticeable  in  Figure 5.19. 

Comparison with earlier data The net balance of Brown Glacier was also measured bet- 
ween 17 September 1992 and 25 February 1993 (1992/93) along a transverse profile located 
near the BG25 and BG30 profile (pers. corn. A. Vrana, 21 January 2008). The profile ranged 
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Figure 5.19.: Surface net balance for Brown Glacier longitudinal cane line in both seasons. 
The ice density used to convert to w.e. are listed in Table 5.9. 

in elevation from 600 to 720m. The total net balance over this 164 day period ranged from 
7 mm d - I  w.e. to —15 mm d -1  w.e. (based on an estimated snow density of 300 kg m -3 ). Three 
of the stakes from the 1992/93 profile (T2, T3 and T4) have the longest net balance records. 
These three stakes indicate that there are accumulation periods of up to 2.5 m (between 16 
September and 29 October 1992) of snow in spring and in summer there was almost 3 m of 
ablation between the middle of January and February periods (Figure 5.20). In 1992/93 the 
highest ablation period was from the end of January until end of February, this correlates with 
the higher temperature recorded during this period. 

These three records illustrate the variable nature of the net balance on Brown Glacier, each 
year is different, however a seasonal trend from late winter to late summer has become ap-
parent. In general, there may be accumulation events through spring and summer, highest in 
spring, but by the end of December to early January ablation begins to dominate the net ba-
lance. It is difficult to determine when the ablation season ends as all three field seasons were 
terminated during the ablation season, hence it is assumed that accumulation must begin to 
dominate once again in March or later. This is supported by the precipitation and temperature 
records from Atlas Cove. March to May is when the highest annual precipitation was recorded 
at Atlas Cove between 1948 and 1954 (see Section 4.3.2) and March also marks the beginning 
of autumn. 
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Figure 5.20.: The 1992/93 surface net balance (blues) compared to 2000/01 (orange) and 
2003/04 (red) surface net balance measurement at the BG25 stake. 

5.5.4. Average precipitation over the catchment 

The total catchment area was determined from the 2001 Brown Glacier DEM (Figure 5.21). 
The catchment area is larger than the glacier outline described in Section 5.3.1, as the catchment 
area of Brown Basin includes some of the rock outcrops surrounding the glacier. The total 
catchment area (S1 c.) is 7.2 x106  m 2 . 

Figure 5.21.: The outline of the catchment area of Brown Basin (orange) and the 2001 glacier 
outline (blue). 

Measurements were made of water discharge from Brown Glacier melt streams and the 
lagoon outlet to investigate the total runoff for this glacier basin. The meltwater runoff of a 
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5.6. Conclusions 

glacier (R1 ) is the total precipitation in the catchment area (Pa ) plus the total melt from a glacier 
(m,) less the amount of water stored in a glacier (S,v). The total runoff can be given by: 

RI = nil + Pa — Sw 	 (5.3) 

where, 

mi = Lan, 	 (5.4) 

and 

Pc  =Ail 
	

(5.5) 

where a is the ablation over a surface area (ns ) and Ap  is the average precipitation over the 
catchment. 

The total runoff and catchment area measurements were then used to calculate the average 
precipitation over the catchment. The average catchment precipitation, A p  is given by: 

R, — E an, + SH, 
Ap  -- 

and it is assumed that SW  equals zero. 

Resulting in an average catchment precipitation of 1900 mm a -1 . The average precipitation 
over the catchment area is greater than to the precipitation measured at Brown Hut (555 mm) 
over the same period confirming that there is an increase of precipitation with elevation on 
Brown Glacier. 

5.6. Conclusions 

The surveys investigated here have provided more detail on the morphology, dynamics and 
mass balance of Brown Glacier than of any glacier on Heard Island. The benefit of having 
two field seasons means that we are able to asses inter-seasonal variability and the longer term 
changes on Brown Glacier. 

For the first time we are able to estimate surface net balance for an eastern Heard Island 
glacier; these are the glaciers that are showing the most dramatic retreat compared to the rest of 
the island. The increased availability of satellite imagery over the island, in conjunction with 
land based GPS measurements have been used to produce the most accurate contour map of 
Brown Glacier. 

The first bathymetric maps of Brown, Stephenson, and Compton lagoons with the additional 
kinematic surveys of the nearby moraines, the DEM and the 1947 aerial photographs have 
given a first indication of the past ice thickness for each of these glaciers. 

The kinematic GPS surveys have also increased our knowledge of the dynamics of Brown 
Glacier in more detail. The 2003/04 survey of Brown Glacier has indicated that there is a 
seasonal variation in velocity. This reduces the possibility of geothermal heating from the 
continuing volcanic activity of Big Ben having a major influence on the glacier movement. 

nc 
(5.6) 
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Measurements at BG50 indicates that for short periods of time (several days) there is a 
diurnal variation in velocity near the terminus of Brown Glacier. But additional longer term 
records are desirable to make further links to the meltwater outflow. 

The meltwater flux through Brown Lagoon can be linked to some large velocity shifts near 
the terminus as recorded on 6 February 2004. The meltwater flux was also used to verify that 
the precipitation on Brown Glacier increases with elevation, which until now was only based 
on climbing party observations. 

Several ice thickness profiles indicate that the bedrock topography of Brown Glacier has a 
small ridge line which channels some of the ice flow away from the terminus, which may also 
contribute to a more rapid retreating terminus. 

The changes in the ELA observed between 1947 and 2003 may represent a shift in the 
climatic conditions on Brown Glacier. Changes in the altitude of the ELA gives an indication 
of climate change (Ohmura et al., 1992). The ELA fluctuates as climate conditions and mass 
balance change; it rises in warm, dry years and lowers in cold, wet years (Andrews, 1975). Due 
to the possibility of errors in the quality of topographic maps (and the DEM) and the effects 
of strong winds on the seasonal snow cover it is difficult to distinguish whether temperature or 
precipitation are the cause of the shift in Brown Glacier ELA without a better understanding of 
the size and shape of the glacier, long-term meteorological records and multi-year mass balance 
surveys. 

Since 1947 the terminus of Brown Glacier has retreated a total of 1.7 km with an average 
retreat rate of 20 m a -1 . The kinematic GPS survey has indicated a significant surface lowering 
between the two field seasons. Brown Glacier has thinned by up to 11.7 m on the lower glacier 
with an average of 9.9 m thinning below the BG40 survey stake and 8.5 m on the upper glacier 
above the BG30 survey stake. 

The ice thickness profiles were also used to estimate the mass flux over three profiles at 
BG20, BG25 and BG35. These mass flux values ranged from 1.6x10 6  to 2.2 x106  m3  a-1  for 
BG20, 1.7x106  to 2.5x106  m3  a-1  for BG25 and 1.6x106  to 3.0x106  m3  a-1  for BG35, which 
are useful in constraining mass balance models. 

As we continue to increase our knowledge of Heard Island's glaciers we will be able to pre-
dict future changes on the island with more confidence. Mass balance and dynamic models 
have been developed to forecast these future changes and also to estimate the past characteris-
tics of the glacier (see Chapter 7). 
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6. An estimation of net balance from 

ice and snow samples 

6.1. Introduction 

An understanding of the natural climate variability over the last 100 years on Heard Island has 
been hampered by the lack of continuous long term records. The collection and analysis of ice 
cores, and samples from crevasse walls and snow pits on Brown Glacier has provided some 
of the first insights into the annual snow accumulation on Heard Island, and its variation with 
elevation, as precipitation records on Heard Island have been basically non existent for sites 
above sea level (see Section 4.2). 

Here an attempt is made to evaluate the highly variable seasonal and inter annual distribution 
of the net balance of isolated sites on Brown and Stephenson glaciers from stratigraphic mar-
kers. Stratigraphic markers are essential in the interpretation of annual and seasonal deposition 
events on a glacier. The stratigraphic markers used to measure the net balance on Heard Island 
are visible stratigraphy, oxygen isotopes, and impurities (e. g., trace ions) in the snow. 

The first recorded study of snow properties and stratigraphy on Heard Island was in 1983 by 
Spencer et al. (1985), who analysed trace ion samples collected from a bergschrund wall at an 
elevation of 2450 m on the flank of Big Ben. Also in 1983, seven snow surface samples were 
collected between 300 and 2720 m as1 along the eastern slope of Big Ben. In 2000, Truffer 
et al. (2001) collected density and temperature measurements and oxygen isotopes samples 
from a snow pit at 498 m asl near the BG35 survey stake and oxygen isotope samples from a 
12 m crevasse at 1050 m asl on Brown Glacier. This current study investigates two cores, three 
crevasses, and 21 surface sites, sampled in 2004, on Brown and Stephenson glaciers. These 
were analysed for stratigraphic markers to determine if a seasonal signal is retained in the snow 
and ice at elevations below 1000 m asl. 

6.2. Types of stratigraphic markers 

On most glaciers snow accumulates each year to form recognisable annual layers marked 
by seasonal variations in physical, chemical, electrical, metamorphic and isotopic properties. 
There are several measurements that can be used to detect stratigraphic markers that indicate 
seasonality or reference horizons in ice cores. Examples of these include, remote sensing (Shu-
man et al., 1997), intensity of light through snow/fim/ice, electrical conductivity, (Kaczmarska 
et al., 2006), volcanic horizons (Palmer et al., 2001), pollen analysis (Short and Holdsworth, 
1985) and nuclear testing (Schotterer et al., 2002). The three stratigraphic markers used to ana-
lyse the Heard Island ice core and crevasse samples are visible stratigraphy, oxygen isotopes 
and trace ions. 
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6.2.1. Visible Stratigraphy 

The measurement of visible structures in snow and ice (Bradley, 1999) can be a very useful tool 
in making an initial net balance estimate while in the field. Visible structures found in glaciers 
include snow and fim layers, ice lenses, and debris bands. All of which highlight processes 
that occur during snowfall or subsequent metamorphism. 

The terms 'snow' and 'firn', though often used interchangeably are distinguishable by age. 
Snow layers are the surface layer of newly fallen snow whereas fim layers are older snow that 
has been recrystallised into a more dense layer (Paterson, 1994). Snow layers on temperate 
glaciers are of the current balance year. Fim layers increase in metamorphism and density with 
each year and metamorphoses into ice after many years. 

Ice lenses are often found in fim layers when it rains or periods of higher temperatures melt 
the surface snow. This water percolates through the porous surface layers eventually refreezing 
as an ice lens when temperatures are again lower (Paterson, 1994). Ice lenses can also be 
formed on a cooled wind scoured surface, which are later buried by freshly fallen snow. 

Debris (dust and dirt) accumulates on a glacier from wind blown sediment from nearby rock 
outcrops, volcanic ash, or movement of sediment by melting and refreezing of the summer 
snow surface. As a result debris bands are not only an indication of annual accumulation 
they can also be widespread markers of volcanic events or periods of increased wind-deposited 
debris. 

6.2.2. Oxygen isotopes 

In polar snow and ice cores, the seasonal signal in oxygen isotopes provide a temperature 
proxy (Helsen et al., 2005). In general, there is a strong relationship between the average 
local temperature and the isotopic composition of local precipitation at high and mid latitudes 
(Helsen et al., 2005). This relationship between temperature, the amount of precipitation and 
the isotopes gives a signal in ice cores (Van Ommen and Morgan, 1997). This signal in the 
short term can be used to estimate a seasonal signal and in the long term a climatic signal. 
The short term signal (less than one decade) on Heard Island, is used to estimate the seasonal 
change in temperature as reflected in the 3 of the ice and snow samples; higher (less negative) 
3 values tend to occur in summer and lower (more negative) 3 values occur in winter. 

The most commonly used annual marker in ice cores and crevasses is the seasonal variation 
of stable isotopes (Pohjola et al., 2002a). Stable oxygen isotopes occur in nature in three forms. 
16 0 is the most common oxygen isotope, it constitutes 99.76% of all of the oxygen atoms in 
water on earth, compared to 180(0.20%)  and 17 0 (0.04%) (Bradley, 1999). It follows that the 
most common water molecule is f11 6 0 with smaller amounts of IWO. 

The isotopic ratios of the various compounds in water are determined by small variations 
in the ratios reflecting the precipitation's origin. These changes in isotopic composition of 
water provide a recognisable signature, related to phase changes of the water cycle (Gat, 1996). 
Because it is more difficult to measure the rare isotopes precisely, the relative composition of 
the isotopic components as opposed to the absolute composition (Paterson, 1994) is used to 
determine the ratio of the concentrations of heavy and light isotopes (Bradley, 1999). The 
most common oxygen ratio used for determining annual markers is 3 180. 3 18 0 values are 
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expressed in terms of the relative deviations of 3 18 0 from Vienna Standard Mean Ocean Water 
(VSMOW) (Moser and Stichler, 1975), and defined as: 

( [180] / 1 16 01 
3 = 	 sample 	1 	1000 	 (6.1) [1801 / 

	

t 16 `-'1 standard 	X  

and expressed as 3 in parts per thousand or permil (%0). 
This relationship with the ocean water is possible because ocean water  is  relatively stable. 

When evaporation occurs from the ocean the water vapour is depleted of  the  heavier isotopic 
forms, HPO, relative to the liquid (Paterson, 1994; Bradley, 1999) (Figure 6.1). When preci-
pitation occurs from this air mass (under equilibrium conditions) the rainout becomes enriched 
in the heavier isotopes compared to the water vapour left behind (Figure 6.1). Lower 3 180 
values are found at high latitudes due to the loss of heavy isotopes en route to those regions. 
This is called an isobaric cooling, which implies that the change in 3 180 is due to a systematic 
change brought about by an overall cooling at a particular level in the atmosphere rather than a 
cooling due to a change in elevation (Bradley, 1999). 

Figure 6.1.: A schematic of the evaporation and precipitation of oxygen isotopes under equili-
brium conditions. 

There is a large variability in the isotopic ratio and the composition of  water  vapour of an air 
parcel, which is dependent on its trajectory (i e., how many phase changes  it  has experienced 
and its temperature history) (Ridal, 2001). When rainout occurs inland  the  'distance-from-
source' effect results in decreasing 3 180 concentrations as the distance from the ocean source 
area increases (Roemer, 1979). Heavier isotopes are less pronounced when  the  air is transpor-
ted inland since there is no further supply of isotopic rich vapour from the  oceans.  This effect 
can be seen in Tasmania where the isotopic values measured at Cape Grim on the west coast 
are higher than those measured in Hobart to the east (see Section 6.7.3). 

The depletion of heavy oxygen isotopes in precipitation and vapour due  to  rainout can also 
be caused by orographic features (e. g., forced convection over mountains) and has been reco-
gnised in almost all major mountain belts in the world (Poage and Chamberlain, 2001). The Big 
Ben massif, on Heard Island, may effect the distribution of the atmospheric moisture carried 
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by the westerly winds, evident by the differences in precipitation rates between Atlas Cove, 
Spit Bay and Brown Hut (see Section 3.3.2). In regions, such as Heard Island, where there is 
a single dominate moisture source, the Indian Ocean, precipitation at high elevations or on the 
lee sides of mountain ranges are often strongly depleted  in  isotopic concentration compared to 
precipitation on the wind ward side (Poage and Chamberlain, 2001). 

6.2.3. Trace ions in snow and ice 

Impurities are either produced within the atmosphere during oxidation of trace gases involved 
in the sulphur, nitrogen, halogen and carbon cycles or introduced directly into the atmosphere 
like  sea salt, volcanic material and dust emitted by wind  from  marine and continental surfaces 
(Legrand and  Mayewski, 1997). Glaciochemical studies  are  not simply a measurement of ae-
rosols  and gaseous species, they can provide data concerning paleovolcanism events, response 
of high latitude atmosphere to anthropogenic effects (e. g., acid precipitation and ozone deple-
tion), and the response of the atmosphere to other natural phenomena such as major and rapid 
changes in climate (Legrand and Mayewski, 1997). 

Ice cores are unique because they provide records of aerosols and gas constituents in great 
temporal detail (Legrand and Mayewski, 1997). The time series of major anion and cation 
concentrations found in the snow and ice provides an estimate of the chemical composition of 
the snow, which is directly related to the changes in the atmospheric concentrations of trace ions 
throughout the year and over longer periods. The major source areas of trace ions are terrestrial 
dust, volcanoes and ocean surface salts (Legrand and Mayewski, 1997) (Figure 6.2). Other 
sources include extra-terrestrial (meteorites and interplanetary dust) and industrial pollution 
(Palmer, 2002) (Figure 6.2). 

Figure 6.2.: Summary of the source areas for common atmospheric trace ions. Crustal sources 
include nss-sulphate (nss-SO4). calcium (Ca). and magnesium (Mg). Sea salt sources in-
clude sulphate, chloride (Cl). magnesium, sodium (Na), calcium and potassium (K). Biogenic 
sources include sulphate and MSA. Nitrate (NO3) is from other sources. 

Seasonal signals observed in atmospheric aerosols deposited as accumulation of snow are 
very site specific. In order to determine the links between the measured concentrations in 
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the crevasse and ice core records from Heard Island the local seasonal signals must be identi-
fied. The chemical composition of aerosols deposited on Heard Island reflect its geographical 
location in the southern Indian Ocean. Heard Island is characterised by its mountainous to-
pography resulting in a variety of climatic conditions over scales of tens of metres to several 
kilometres. Based on the conditions surrounding Heard Island it is assumed that the source 
areas of chemical species on Heard Island are likely to be a combination of local maritime, 
crustal and volcanic inputs, long range transport and a small input from anthropogenic effects. 
These assumptions are supported by reports on the chemical composition recorded at Amster-
dam Island (Galloway et al., 1982), Crozet and Kerguelen islands (Baboukas et al., 2004) and 
near the summit of Heard Island (Spencer et al., 1985). 

Naturally with Heard Island isolated from surrounding continental sources, a maritime source 
is likely to dominate the trace ion record. Trace ions with marine origins are dominated by sea 
salts. Sea salts are a major contributor to particulate matter in Southern Ocean atmosphere and 
precipitation. The dominant ions of dissolved inorganic salt matter of sea water are chloride 
(55.3%), sodium (30.8%), sulphate (7.8%), magnesium (3.7%), calcium (1.2%) and potas-
sium (1.1%) (Wilson, 1975). Sea salts are incorporated into the marine atmosphere from sea 
spray, wave breaking and bubble bursting, and then transported by winds (Wagenbach et al., 
1998). The dependence of sea salt transport on wind reveals a signal in ice records based on 
the frequency and intensive of storm events in the surrounding area. Generally, Heard Island 
is stormier in winter, however large storm events can occur at any time in the year (Thost and 
Allison, 2006) masking a seasonal signal. 

Sulphur trace ion can also have a maritime source. The marine biogenic sulphur compound 
MSA (methane sulphonate or methane sulphonic acid) is produced by the atmospheric oxida-
tion of DMS (dimethyl sulphide), which is emitted by marine biota (Saltzman et al., 1986). 
MSA concentrations in ice are effected by various factors including, the source location in-
fluencing primary productivity, phytoplankton species and the air-sea exchange of DMS, the 
atmospheric conditions influencing the oxidation pathways of DMS or altering the source loca-
tion, and more locally, the condition at the glacier (O'Dwyer et al., 2000). Studies at Kerguelen 
Island 440 km to the north of Heard Island indicate that there is a seasonal signal (higher in 
summer) in the MSA concentration (Baboukas et al., 2004), corresponding to the proximity of 
the biogenic-rich oceanic Polar Front (Scaire et al., 1999). Heard Island is also close to the 
Polar Front (see Section 3.2) hence it is assumed that there would be be a seasonal variability 
in the MSA record. 

Sulphate is the most prevalent aerosol oxidation product of DMS but unlike MSA, DMS is 
not the only source of sulphate. Sulphate is also produced by oceans due to the bursting of sea 
water bubbles (Nguyen et al., 1974), industrial pollution (e.g., Thompson et al., 2000) and vol-
canics (e.g., Legrand and Mayewski, 1997; Palmer, 2002). Generally, the high biological input 
during summer influences sulphate concentrations (Berresheim, 1987; Staubes and Georgii, 
1993) creating a seasonal signal in ice cores. 

There are two main sources of sulphate which can affect the seasonality, anthropogenic and 
volcanic. These two types of sulphate are often reported as non-sea-salt (nss)-sulphate. Al-
though anthropogenic sulphur emission dominate in the northern hemisphere, in the southern 
hemisphere the natural sources of sulphur emissions (58% of total emissions) exceed those 
from anthropogenic emissions (Bates et al., 1992). Studies on Crozet, Amsterdam and Kergue- 
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len have shown that there is a higher influx of anthropogenic emissions at Crozet compared to 
Amsterdam and Kerguelen (Baboukas et al., 2004) due to Crozet's location closer to southern 
Africa. These stronger anthropogenic emissions have obscured any seasonality of the biogenic 
sources at Crozet, whereas a seasonality in the biogenic input is still evident at Amsterdam and 
Kerguelen due to the predominate wind direction at these islands. Heard Island is even further 
from anthropogenic sources and has predominately westerly winds that do not originate from 
South Africa (Young, 1999). Hence anthropogenic emissions would have little influence on the 
biogenic seasonality. Instead the majority of nss-sulphate input on Heard Island is probably 
from the volcanic emissions of Mawson Peak. 

Crustal source of atmospheric aerosols include crustal weathering and weathering of organic 
material in soil (Millot et al., 2003). Crustal weathering emits calcium and magnesium into 
the atmosphere (Caulkett and Ellis-Evans, 1997). Heard Island glaciers are bounded by high 
altitude ridge lines and surrounded by an exposed rock coastline. Both of these features could 
produce any nss-calcium and nss-magnesium reflected in the trace ion record. 

Another trace ion that is common in ice records is nitrate. Nitrates have several natural source 
areas including soil exhalation, biomass burning, lightning, galactic cosmic rays, stratospheric 
oxidation of nitrous oxide and ionospheric dissociation of nitrogen (Legrand and Kirchner, 
1990). Despite numerous records of nitrates in ice cores a major source of nitrate has not been 
identified for high latitude regions (Legrand and Mayewski, 1997). 

6.3. Environmental effects on the stratigraphic record 

Ice cores from Greenland and Antarctic have provided the majority of the information concer-
ning climate variability over both inter annual and ice age time scales. The initial concentration 
of ice core studies on ice sheets was due to these regions characteristically having positive mass 
balance and no melting (Koerner, 1997). Consequently continuous records of climate change 
are preserved (examples include ice cores from Byrd (Gow, 1970), Law Dome (Van Ommen 
and Morgan, 1997) and GISP2 (Gow et al., 1997)). Ice cores from glaciers, not a part of these 
main ice fields, have also been studied, but are harder to interpret, partly due to surface melting 
that occurs in summer or long periods of negative balance that could alter the original ice core 
record (Koerner, 1997; Isaksson et al., 2003). Yet a seasonal and long term climate record 
can also be determined from temperate glaciers (e.g., Aristarain and Delmas, 1981; Aristarain 
et al., 1982; Galloway et al., 1982; Thompson et al., 1998; Thompson, 2000; Aristarain, 2002; 
Godoi et al., 2002). 

6.3.1. Post-depositional processes within the snowpack 

Post-depositional processes such as meltwater percolation, migration, diffusion, wind drifting 
and erosion, ablation, sublimation, and evaporation can alter the ice and snow isotope and 
trace ion record (e.g., Schotterer et al., 2004). There have been many studies from temperate 
glaciers that indicate that meltwater percolation and migration of isotope and chemical species 
have influenced their measured values in the accumulated snow and ice (e.g., Thompson, 
1979; Raben and Theakstone, 1994; Motoyama et al., 2000; Yuanqing et al., 2000), particularly 
evident in glaciers of lower elevations (less than 1500 m). 
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In temperate glaciers post-depositional processes can cause isotopic fractionation and mi-
gration, which may alter the original 6 18 0 profile, as meltwater has depleted isotopes ratios 
compared to the remaining snow cover (Schotterer et al., 2004). Post-depositional processes 
effect the distribution of oxygen isotopes and the isotopic lapse rate (see Section 6.7.4) can 
break down on temperate glaciers at elevations below 1000 m (Ruddell and Budd, 1990). The 
most important changes occur during the surface snow to firn transition (Amason, 1969; Moser 
and Stichler, 1975; Thompson, 2000). Despite the effects of melt on the 6 18 0 record, a sea-
sonal signal is still detectable in some ice core records where post depositional effects occur 
(Oerter et al., 1985; Yuanqing and Theakstone, 1994; Matsuoka and Naruse, 1999; Yuanqing 
et al., 2000; Taylor et al., 2001; Schotterer et al., 2004), enabling net balance to be estimated. 

Trace ion records may also be obscured by post-depositional melting because as snow melts 
on the surface of glaciers the meltwater is at first held in capillaries and on pore walls where it 
will fill 5 to 10% of the pore space before it becomes more mobile (Colebeck, 1978 as cited in 
Tsiouris et al., 1985). As further melt develops the water mobilises solutes which it acquires 
from the pore walls by diffusion or convection. The order of elution is predominately due to the 
position of the solutes within, or attached to the outside of snow crystals, and also depends on 
the atmospheric history of the snow (Tsiouris et al., 1985). There have been several suggestions 
for the exact order of elution (e.g., Tsiouris et al., 1985; Goto-Azuma et al., 1993; Raben and 
Theakstone, 1994; Ilzuka et al., 2002). It appears that to some extent the elution order is site 
dependent, although most sources agree that sodium and chloride are the last to be removed 
(Tsiouris et al., 1985). 

In some regions (i. e., at Baishui Glacier Mt Yulong, China) even with meltwater influence 
on the snow pack chemical records were found, but with a smaller amplitude then in pre-melt 
records (Yuanqing et al., 2000). Goto-Azuma et al. (1993) discovered layers of significantly 
high ionic concentrations found at snow/ice boundaries, which they attributed to superimposed 
ice formation during winter months. Motoyama et al. (2000) inferred that meltwater percolates 
through the snow cover transporting the impurities then refreezes them elsewhere providing a 
re-constructed signal but not the initial environmental signal in the snow. 

Due to the high summer temperatures and influence of fain winds on the glacier surface 
(see Sections 4.4.4) meltwater percolation is likely to be one of the dominate sources of post-
depositional alteration of the Brown and Stephenson glaciers, trace ion and oxygen isotope 
records. 

6.3.2. Seasonal signals in temperate glaciers 

Oxygen isotopes This method was first developed for polar regions and more recently used 
to investigate the paleoclimate on high altitude temperate and tropical glaciers (e.g., Thomp-
son, 2001; Schotterer et al., 2004). The stable isotopes in non-polar glaciers are often affected 
by meltwater percolation, which produces homogenisation and 6 180 enrichment (Thompson, 
1979), as warmer temperatures produce both melt and rain. 

It might be reasonable to assume that Heard Island would have a homogenised oxygen iso-
tope record given its warm, maritime environment. Truffer et al. (2001) collected samples from 
a 0.8m snow pit (BP 1 ) near the BG35 net balance stake (at 498m) and from a 12m crevasse 
(C 1 ) located at 53°05' S 73 0 35' E and an elevation of 1050m on Brown Glacier. Isotope ana-
lysis revealed a nearly homogenised record with isotope values ranging from —9 to —11 %o in 
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the crevasse and -8 to -15 Too in the snow pit (Figure 6.3). In order to interpret the seasonal si-
gnals in these smoothed isotopes records a comparison is often made to additional parameters, 
for instance, Schotterer et al. (1997) used nearby temperature records, and Short and Hold-
sworth (1985) uses pollen deposition. Truffer et al. (2001) used the visible debris layers in the 
crevasse walls to estimate a net balance from Cl; the debris layers identified at 2.6 m and 8.8 m 
were on the leading edge of the higher, summer isotope values (Figure 6.3A). 
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Figure 6.3.: The oxygen isotope results from the 2000 crevasse and snow pit. A. Crevasse 
3 18 0 record. Red lines indicate debris layers. B. Snow  pit  3 18 0 record. Figures based on data 
in  Truffer et al. (2001). 

Trace ions The concentrations of trace ions are much higher in temperate glaciers than in 
Antarctica (Thompson et al., 2003). The seasonal signals and long term climate changes found 
in  ice records are very site specific. There have been no published studies found which have 
conclusively determined the source areas and seasonality of the precipitation on Heard Island. 
It  is assumed that the maritime setting and the effect of dust and ash deposits on the glacier 
are the sources of the majority of the impurities deposited on Heard Island. As there are few 
anthropogenic sources of atmospheric aerosols in the vicinity of the isolated island. Nor is 
sea ice likely to effect the recent transport of aerosols as sea ice (in the form of pancakes and 
grease ice) was observed only 18 times in Atlas Cove between 30 July and 14 October 1948 
(Lambeth, 1950) (there were no other records found of  sea  ice forming around Heard Island). 

Spencer et al. (1985) analysed ice samples collected in March 1983 from a bergschrund 
on Big Ben at 2450 m asl, hereafter referred to as site SP83, as an initial investigation into 
whether glaciochemical studies on Heard Island were feasible. They analysed for fluoride 
(1 to 3.3 p Eq L -1 ), chloride (1 to 110 p Eq L -1 ), sodium (3 to 50 p Eq L -1 ), sulphate (1 to 
9 p Eq L-1 ), bromide (0.5 to 0.2 p Eq L -1 ), nitrate (0.5 to 3.5 p Eq L -1 ) and iron (0.01 to 
0.2 p Eq L-1 ) to a depth of 3m (Spencer et al., 1985) (Figure 6.4). The trace ion analysis 
allowed them to make a first estimate of the winter accumulation of 1.0 m w.e. and summer 
accumulation of at least 1.2 m w.e. (as their snow pit  did  not necessarily represent a balance 
year) at an elevation of 2450 m on Big Ben. 

The results of the Spencer study indicated that at higher elevations on Heard Island there 
is no seasonal signal in the fluoride, and that chloride, sodium and sulfate all have a similar 
ion profile (Spencer et al., 1985). Bromide concentrations had several maxima and nitrate has 
a maximum concentration between 0.2 to 0.4 m depths (Spencer et al., 1985). Spencer et al. 
(1985) suggest that marine-source ion species such as chloride, sodium and sulfate are useful 
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Figure 6.4.: The trace ion results from samples analysed by Spencer et al. (1985) in March 
1983 (data supplied by P. Mayewski, pers. corn. 8 July 2005). 

in identifying seasons in snow pits on Heard Island and that nitrate may be a useful seasonal 
signal even though its source cannot be uniquely specified. 

6.4. Sampling sites 

Ice cores, crevasse and surface samples were collected from several sites on Brown, AU 1121 
and Stephenson glaciers. The two ice cores and three crevasses sites were located in the accu-
mulation area, of either Brown or Stephenson glaciers (Figure 6.5 and Table 6.1). The surface 
samples were collected from 19 locations across Brown Glacier and two locations on AU1121 
Glacier in both the accumulation and ablation areas. All of the samples were collected in Ja-
nuary and February of 2004 in conjunction with the 2003/04 mass balance survey (as described 
in Chapter 5). 

Figure 6.5.: The January 2003 Digital Globe satellite image of Brown, AU 1121 and Stephen-
son glaciers showing the season 2 survey cane sites (blue), the 2004 Brown Glacier ice core 
(BG1), the Brown crevasses (BC1 and BC2) and Stephenson ice core and crevasse (SG1 and 
SC 1) locations (yellow). In addition, the 2000 crevasse and snow pit sites (red) and Brown Hut 
(light blue) are shown. Inset map shows the location of the satellite image. 

109 



6. An estimation of net balance from ice and snow samples 

BG1 ice core The first ice core was drilled on 4 January 2004 on Brown Glacier. The coring 
site was located at 53°05'36" S 73°05'11"E and 799 m asl near the ice divide between Brown 
and AU1121 glaciers (Figure 6.5 and Table 6.1). The total core length was 3.34m. 

SC1 crevasse The SC1 crevasse was sampled on the 6 and 7 January 2004. This crevasse 
was located in Stephenson Glacier at 53°05'56" S 73°36'46"E and at 922 m asl (Figure 6.5 
and Table 6.1). The SC1 crevasse ran 15 m northeast-southwest along the surface and was 2 m 
at its greatest width. The floor of the crevasse was 11 m from the surface. An additional 3 m 
of snow was removed from the floor to sample a further 2.4 m. The bottom of the crevasse 
was 1.5 m wide and narrowed toward the southwest to a few centimetres. To the northeast the 
crevasse narrowed and a snow ramp extended to the surface. 

BC1 crevasse BC] was located near the BG201 survey stake on Brown Glacier and was 
sampled on 14 January 2004. The position of BC1 was at 756 m as1 and 53°05'3" S 73°36'35" E 
(Figure 6.5 and Table 6.1). The crevasse was sampled after a snowfall therefore the walls had 
a light coating of snow. The crevasse ran northwest-southeast, was 8 m long and 1.5 m wide, 
with a depth of 10.2m. 

Table 6.1.: A list of all ice core, snow pit and crevasse sampling sites on Heard Island. 

Site Glacier Type of site Date sampled Latitude Longitude Elevation Depth 

BG1 Brown Core 4/01/04 53°05'36"S 73°05'11"E 799m 3.34m 
SC] Stephenson Crevasse 6 to 7/01/04 53°05'56"S 73°36/ 46"E 922m 13.4m 
BC] Brown Crevasse 14/01/04 53°05'3"S 73°36'35"E 756m 10.2m 
SG1 Stephenson Core 16/01/04 53 °05'56"S 73°36'46"E 922m 1.9 m 
BC2 Brown Crevasse 9 and 11/02/04 53°05'31"S 73°36'39"E 869m 8.5m 
BPI Brown Snow pit 31/10/00 53°04'55"S 73 ° 37'58"E 498m 0.8 m 
Cl Brown Crevasse 12/11/00 53°05'S 73° 35'E 1050m 12m 

SP83 Big Ben Bergschrund 03/83 -53°06'S -73°33'E 2450m 3.0 m 
Plateau 

This was the only crevasse that we sampled that had water dripping down the walls. Also, 
whereas in SC] we were able to start at the bottom of the crevasse and work our way up the wall 
in a continuous sampling line, in BC1 due to ice columns, collapsed snow bridges and refrozen 
meltwater structures the sampling line was altered twice. The first was a shift following an 
ice layer from the 'cave' to a more open area (10.2 to 5.4m), thereby preserving the layer 
sequence. The second change in the sampling line was to the opposite wall. In an attempt to 
represent a continuous sequence the opposite wall was sampled from 5.6 to 0.0 m. The over 
lap between these two sequences is short due to time constraints in the field. 

SG1 ice core The SG1 ice core was drilled on 16 January 2004 at 53°05'56" S 73°36'46" E 
and 922 m as1 on the Stephenson Glacier 1m from the SC1 crevasse site (Figure 6.5 and Table 
6.1). The ice core was 1.9 m long. 

BC2 crevasse The BC2 crevasse was located at 53°05'31"S 73°36'39"E and 869m as1 
on Brown Glacier (Figure 6.5 and Table 6.1). BC2 was located 10 m to the southeast of the 
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6.5. Stratigraphic sampling techniques and analysis methods 

BG152 stake. The crevasse was 1 m wide and 15 m long at the surface and 8.5 m deep. There 
were snow ramps to either side of the sampling wall extending to within 2 m of the surface. 

On 9 February, BC2 was sampled from 8.5 to 2.9 m. A snow storm suspended sampling on 
the 10 and 11 February, and filled the crevasse with snow. On 12 February BC2 was sampled 
from 3.4 to 0.0 m, giving, 0.5 m overlap with the 9 February samples. 

The collection of samples in the BC2 crevasse was complicated by the local weather. On the 
9 February there were snow flurries. The snow would fall or be blown into the crevasse coating 
the walls and collection instruments. Precautions were taken to ensure that none of the falling 
and blowing snow entered the sampling bag. 

On the 12 February we were unsuccessful in relocating the exact sampling site by GPS. 
Instead we removed 3 m 3  of snow to a depth of 3.4 m in the same crevasse within 5 m of 
the original site (the accuracy of the GPS position) and collected samples from 3.4 m to the 
surface. There was a 0.5 m overlap in depth between these two sampling lines because due to 
failing light we only had time to expose 3.4 m of the crevasse wall. 

Snow surface and rain water samples Snow surface samples were collected from 19 
sites on Brown Glacier and two sites on AU1121 Glacier. There were four rainwater samples 
collected in a rain gauge near Brown Hut (Figure 6.5). There were four days of snow surface 
sampling. The first was 25 January 2004, where only two samples were collected at 715 m 
asl (BG258 and BG257) of the previous night's snowfall. The second day of sampling was 
on 26 January 2004 when samples were collected from all upper glacier canes ranging from 
673 m to 1030 m asl (except for the two that were sampled the previous day). There are four 
samples that represent a fresh snowfall (at BG20, BG202, BG151 and BG15) that occurred 
during sampling. The third sampling date was 11 February 2004. One sample was collected 
from a snow bank on the lower part of the glacier at — 350 m asl. The final collection date was 
12 February after a snowfall in the previous 12 hours. The canes on the upper Brown Glacier 
(756 m to 1030 m asp were re-sampled with the addition of one new site at 407 m as1 (BG40) 
on the lower glacier. 

The rainwater samples were collected on 12, 14-15, 19 and 20 February 2004. The rainwater 
samples were collected from a rain gauge that was located at 4 m asl. 

6.5. Stratigraphic sampling techniques and analysis 

methods 

The ice cores, crevasse, surface and rainwater samples were intended to complement each other 
i. e., an ice core would be drilled then a nearby crevasse sampled to a greater depth, which 
could in turn be compared to the oxygen isotope values measured in the surface and rainwater 
samples. After some complications with the ice corer we realised that the crevasses would 
provide easier access to a much deeper record of stratigraphic markers and therefore likely to 
include a multitude of seasonal cycles rather than a partial cycle that was available from an ice 
core depth. 
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6. An estimation of net balance from ice and snow samples 

6.5.1. Field sampling techniques and storage 

Crevasse sampling The crevasses were sampled from the bottom to the surface at 0.20m 

intervals. At each 0.20 m interval an ice axe was used to chip away the surface melt layer. Then 

an auger or ice screw was used to extract ice from the wall (Figure 6.6). Both of the tools were 

'cleaned' by drilling in the opposite wall and discarding the sample. Additionally, at each site 

the ice screw was drilled flush with the wall to ensure that the ice from the previous site was 

cleared from the barrel before sampling commenced at the new site. 

A 	 B 

Figure 6.6.: Sampling for trace ions and oxygen isotopes in the BC2 crevasse. A. gloves and 
a dust mask were worn at all times, and B. samples were collected directly from the ice screw 
into the Whirl-Pak bag. 

The first two crevasses sampled (SC1 and BC I) were collected with the intention of analy-

sing for oxygen isotopes only. A pre-cleaned plastic dustpan was placed below the auger or ice 

screw to collect the ice samples, which were then stored in Whirl-Pak plastic bags for transport 

to sea level. The dustpan was wiped or knocked clean of snow and ice after each sample. 

The last crevasse (BC2) was sampled for impurities and isotopes therefore a dustpan was 

not used. Instead the ice was collected directly from the ice screw barrel into a Whirl-Pak bag. 

Only gloved hands touched sampling equipment and dust masks were worn as an additional 

precaution against contamination. 

Core sa mpling At each of the coring sites a tent shell was set up to create an isolated envi-

ronment. A 72.5 mm diameter Kovacs corer was used to drill both of the cores (Figure 6.7A). 

To clean the Kovacs corer for trace ion sampling a 1 m core was drilled and discarded. Once 

coring began each section of the core removed was placed directly on a plastic covered V 

channel in the tent (Figure 6.7B). First all the visible features in the core were recorded. Then 

the core was cut into 0.10 m sections with a stainless steel pruning saw or paint scraper. All 

metal instruments where cleaned by abrasive action in  a  fresh snow surface before use. The 

paint scraper was then used to remove the outer centimetre of the core before storing the ice in 

Whirl-Pak bags (Figure 6.7C). When sectioning the core, plastic gloves and a dust mask were 

worn at all times to minimise contamination of the ice samples. 
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6.5. Stratigraphic sampling techniques and analysis methods 

The Kovacs core barrel and extensions were each 1 metre long yet the corer tended to stick at 
shorter intervals. A typically core section length was 0.5 m to 0.2 m depending on the drilling 
site. 

Figure 6.7.: Examples of coring at BG1 and SG1 A. the Kovacs corer, B. transferring the core 
into the tent and C. measurement of the core section. 

Snow surface and rainwater sampling Surface snow samples were collected by scraping 
the top centimetre of fresh snow away from a 0.02 m 2  area of the surface. The fresh snow was 
then placed in a Whirl-Pak plastic bag for transport to sea level. The rainwater samples were 
collected from a rain gauge near Brown Hut. The rain was collected in a standard Bureau of 
Meteorology rain gauge. The gauge was checked each morning at 8:00 LST, which provided 
a 24-hour collection period (except between the 14 to 15 February where it was left for 48 
hours). 

Sample storage All samples were stored in high-density polyethylene 60 ml Nalgene bot-
tles. The Nalgene bottles were cleaned prior to departure from Hobart. Each Nalgene bottle 
was rinsed three times with deionised milli-Q water, filled with deionised milli-Q water to rest 
for more than 24 hours (repeated three times) and then emptied for transport to Heard Island. 

All crevasse, core and surface snow samples collected were transported to sea level. Here 
they were left to melt (+24 hours for the 30 ml w.e. crevasse and snow surface samples and +36 
hours for the 0.10 m core sections) and bottled in Brown Hut. Extra care was taken in reducing 
possible contamination of impurities. When decanting the melted snow and ice from the Whirl-
Pak bags into the Nalgene bottles plastic gloves and dust masks were worn and bottles were 
overfilled. All the sample bottles were then stored in a polyethylene plastic storage container, 
away from sunlight, near the coast until returned to Australia for analysis. 
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6. An estimation of net balance from ice and snow samples 

6.5.2. Stratigraphy logging 

Snow and urn layers are typically described based on visible changes. Light coloured layers, 
which can appear opaque, white or clear, are produced when accumulation is greater than melt 
(winter). Darker layers (i. e., debris bands) are formed where there is increased melt, which 
consolidates sediment (summer) (Paterson, 1994). The thickness of snow and ice between two 
light layers may be equivalent to one year of net balance. If a debris layer or ice lens was 
present in the cores or crevasses the depth and the thickness of the layer was measured and 
recorded. 

6.5.3. Analysis techniques for oxygen isotope 

The snow/firn/ice samples were all melted in the field before being returned to Australia for 
analysis. Oxygen isotopes were measured using a VG Isogas SIRA mass spectrometer, with a 
VG isoprep 18 equilibration bench. The mass spectrometer was used to separate gas molecules 
according to their mass by laboratory technicians at the ACE CRC. 

6.5.4. Analysis techniques for trace ions 

All ice samples from Heard Island were melted in the field and returned to the AAD Ion Chro-
matography (IC) Laboratory at the University of Tasmania for analysis. The ice and snow from 
Heard Island were analysed for chloride, nitrate, sulphate, sodium, magnesium, calcium and 
MSA using suppressed ion chromatography, with assistance from laboratory technicians at the 
AAD IC Laboratory. 

IC analysis techniques used to detect low level trace ion concentrations in Antarctic cores by 
Curran and Palmer (2001) were used for the Heard Island samples. All standards and samples 
were loaded by pipetting 5 ml into autosampler vials. In some cases there were large particles in 
the sample bottles. These were allowed to settle to the bottom of the bottles before supernatant 
water was drawn for analysis. A Dionex DX500 microbore (2 mm) ion chromatograph with a 
CD20 conductivity detector and a GP40 gradient pump were used to simultaneously separate 
and detect the anions and cations in the samples (see Curran and Palmer, 2001). 

6.6. Results from stratigraphic analysis 

The results of the stratigraphic analysis of the visible stratigraphy, isotopes and trace ions are 
presented. 

6.6.1. Visible stratigraphy results 

Freshly fallen snow and refrozen ice features on the walls of the BC1 crevasse obscured most 
of the structures in the ice. The best visible structures were in the 'cave', which had 0.01 
to 0.02 m thick alternating white and opaque layers. Other structures included a debris band 
(0.03m thick) at 2.90m, the ice/compacted snow (firn) boundary at 0.80m, and alternating 
opaque and white snow layers with an average thickness of 0.10 m at —2.0 to 5.0 m depth 
(Figure 6.8A). 

The falling and blowing snow in BC2 during sampling made observing the stratigraphy 
difficult. The crevasse appeared to have alternating white (0.10 m thick) and opaque (0.01 to 
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6.6. Results from stratigraphic analysis 

Figure 6.8.: Crevasse profiles for A. Brown Glacier crevasse 1 (BC 1) , B. Brown Glacier cre-
vasse 2 (BC2), and C. Stephenson Glacier crevasse (SC 1). Not to scale. 

0.02 m thick) layers. The majority of these observed structures were seen  in  the small section 
of the crevasse wall that was cleared for sampling. There were no debris bands observed and 
the BC2 ice/compacted snow (fim) boundary was at 0.20 m (Figure 6.8B). 

The SC1 crevasse had snow free walls. Layers were evident along the entire depth of the 
walls ranging from a centimetre to 10's of centimetres thick (Figure 6.8C). Layers alternated 
between opaque and white in appearance. The opaque layers were thinner (approx. 0.01 m) 
than the white layers (approx. 0.05 m). The walls were composed of ice except for a 1.10 m 
thick compacted snow layer (firn) at the surface. There were ice layers at  9.80  m (0.01 m thick), 
6.10 m (0.03 m thick), 5.56m (<0.01 m thick) and 3.60m (0.03 m thick)  from  the surface. At 
6.76 m from the surface there was a 0.01 m thick debris band. There were smaller debris lenses, 
but these did not extend for any great distance and did not have a corresponding layer on the 
opposite wall. 

In the BG1 core the majority of the samples were composed of 1 mm diameter snow grains 
and had < 1 mm grains of debris littered through the core length. Other structures included a dirt 
layer at 0.37 m and ice layers (Figure 6.9A). The ice layers ranged in thickness from 0.01 m 
to 0.04 m. The total core length was 3.34 m yet some of this was removed due to possible 
contamination of swarth in the core sections, resulting in a depth of 3.10 m. 

The SG1 core tended to have alternating layers of compacted snow and  ice  of various thick-
nesses (Figure 6.9B). There was only one snow layer that had a high debris content at 0.17 m. 

6.6.2. Results from the oxygen isotope analysis 

The snow surface 3 18 0 results are shown in Figure 6.10. These can be separated into two 
groups. The larger group has 3 180 values ranging from -13 to -7 %o and the smaller group 
has samples ranging from -21 to -18 %o (Figure 6.10). 

The mean isotope value for the Brown Glacier ice core and crevasses  was  -8.4 %o and for 
the Stephenson Glacier ice core and crevasse it was -9.4 (700 (Figure 6.11). The range for all 
five sites was -10.5 to -7.6 %o. There is little variation in the range of  3 180  values between 
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6. An estimation of net balance from ice and snow samples 

Figure 6.9.: Core profiles A. Brown Glacier core (BG1) and B. Stephenson Glacier core (SG 1). 

Figure 6.10.: Relative locations of the snow surface samples and oxygen isotopes values for 
each site shown on the 2003 Digital Globe satellite image. Colour coded according to date of 
collection. Rainwater samples are in light blue. 

BG1, SG1, BC1, and BC2 (Figure 6.11). The BC! and BC2 crevasse sites have an isotope 
record with more variability near the top of the crevasse then at depth. The two shallow cores, 
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6.6. Results from stratigraphic analysis 

BG1 and SG 1, show a variability in the record for the top 1 or 2 m at each  of  these sites. The 
SC1 profile is different from all of the other sites (Figure 6.11). SC1 has a cyclical signal until 
9 m. Below 9 m any cycles appear subdued. 
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Figure 6.11.: Oxygen isotope and trace ion analysis results. A) BC1 crevasse, B) BG I ice core, 
C) BC2 crevasse, D) SG1 ice core, and E) SCI crevasse. The oxygen isotopes are displayed 
in red (left), the three measured trace ion values (sodium, nitrate and MSA) are displayed in 
black and the nss values (nss-sulphate and nss-calcium) are presented in blue. The vertical axis 
is unchanged to allow for a direct comparison with depth for each individual site. BC1 due to 
its high variability has a different concentration scale compared to the other four sites. 
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6. An estimation of net balance from ice and snow samples 

The rainwater samples ranged between —8.6 to —3.5 %0 (Table 6.2). The highest value, 
—3.5 %o, was recorded on 19 February and the lowest value, —8.6 %o, was recorded over the 48 
hour period between 14 and 15 February. The other two records from 12 and 21 February are 
both —6.4 %o. 

Table 6.2.: Results of the oxygen isotope analysis of rainwater samples from a rain gauge near 
Brown Hut 

Sample name 	6 18 0 MO 
	

Date Sampled 	Precipitation recor- 
ded 

RW-1 	 —6.4 	 12/02/04 	 1.5 mm 
RW-2 	 —8.6 	 14- 15/02/04 	3.0 mm 
RW-3 	 —3.5 	 19/02/04 	 4.6 mm 
RW-4 	 —6.4 	 21/02/04 	 4.3 mm 

6.6.3. Results from trace ion analysis 

Representative trace ions species for each source area were plotted with depth (Figure 6.11). 
Sodium is a good representative of all the sea salt species (chloride, sulphate, magnesium and 
calcium) and nss-sulphate and nss-calcium provide an indication of the volcanic and crustal 
sources in the samples. Nitrate and MSA are also included because they have a different source 
area then the other trace ions analysed. 

In the BC1 crevasse trace ion profile all seven of the measurable ions have a very similar 
signal (Figure 6.11A), although only representative species are shown here. The BC1 trace 
ion profile has a highly variable signal throughout its length compared to the other four sites. 
There are several maxima and minima, which are often close together creating a noisy signal. 
This crevasse site had the most complete MSA record. BC I also has low nss-sulphate and 
nss-calcium concentrations. 

The BG1 core has trace ion profiles that have distinct peaks. The ion concentrations for this 
core have a relatively similar profile (Figure 6.11B) except at the top of the core where there 
was an increase in nss-sulphate and especially nss-calcium. The other significant feature in this 
profile is a peak concentration for all measured values, except nitrate, at a depth of 1.7 m. 

The BC2 crevasse has peaks at 3 and 5.5m in most of the ion profiles (Figure 6.11C). The 
concentration of these two peaks varies between the ion species with higher concentrations of 
sulphate, sodium, and calcium. 

The SGI core though only 1.9 m in length is different from the other four sites. There is 
a variation between the different ions with depth. For example, in the top — 1 m of the core 
there are higher concentrations of sodium and nss-calcium compared to nss-sulphate yet at 
the bottom of the core all ions, except nss-calcium, appear to have lower concentration values 
(Figure 6.11D). The large variability between the ion profiles and short length of the core make 
it difficult to interpret the ion signals in this core or compare it to other sites. 

Overall the SCI crevasse has higher mean trace ion concentrations than BG1, BC2 and 
SG1. The SCI profile has four high concentration anomalies (Figure 6.11E). The first is at 
2.4 m where there is an increase in sodium, nitrate and nss-sulphate. The second is at 5.6 m 
where there is an increase in the nss-sulphate and nss-calcium measured values of 178.9 and 
5.3 it Eq L -1  respectively, but there does not appear to be a corresponding increases in the other 
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6.7. Interpretation of stratigraphic analysis 

ions. The other two anomalies are distinguished by increases in all ion concentrations at 9.6 
and 12.8 m depth (including MSA yet not in nitrate at 12.8 m) (Figure 6.11E). 

6.7. Interpretation of stratigraphic analysis 

Each of the stratigraphic markers are examined in more detail to investigate: local and regional 
precipitation, net balance estimates and identification of melt affected sites. 

6.7.1. The visible stratigraphy record 

There are several structures identified from the visible stratigraphy of Brown and Stephenson 
glaciers. However only a few of these structures could be used to estimate  a  net balance. 

Debris bands observed in BG1, SG1 and SC1 provided a possible estimate of net balance. 
In BG1 and SG1 the debris bands were within 0.4 m of the surface, whereas in SC1 there was 
a 0.01 m thick debris band at 6.76 m (Figure 6.12). Only one debris band was observed at each 
of these sites therefore the estimation of the accumulation from debris bands alone would be 
>0.l7 ma at SG1, >0.37 ma-1  at BG1 and >6.76 ma -1  at SC1. 

Surface snow 

Dirt layers/possible summer surface 
Ice layers 
Alternating white/opaque layers 

Figure 6.12.: A scaled illustration of the visible features observed in the ice cores and cre-
vasses. Possible summer surface layers were identified (arrows) in order to determine a pos-
sible net balance estimate from visible stratigraphy alone. 

Estimates based only on dirt layers as summer surface indicators may not be reliable for 
locations such as Heard Island. This is because at the centre of Heard Island is Mawson Peak, 
an active volcano, that erupts intermittently distributing wind blown debris on the island. Ob-
servations of the January summer surface of Brown and Stephenson glaciers was of a darken 
snow surface (Figure 6.13). This volcanic activity could hamper the determination of the net 
balance from dirt layers alone. As the distribution of ash lenses in the glacier record could 
obscure annual layering and could vary over a glacier depending on wind direction. Hence on 
Heard Island debris layers may provide an indication of volcanic activity rather than a marker 
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6. An estimation of net balance from ice and snow samples 

of the summer surface. As a result the visible stratigraphy of these ice cores and crevasses were 
not used to estimate the net balance. 

Figure 6.13.: The Brown Glacier January 2004 snow surface. 

6.7.2. Nss sources in the trace ion record 

Nss-sulphate The nss-sulphate record for Heard Island like other nss-sulphate records indi-
cates that there is some fractionation in the snow pack (Palmer et al., 2001). In addition, high 
nss-sulphate peaks may be due to enrichment of sulfate deposition from volcanic emissions of 
Mawson Peak. The highest measured nss-sulphate peak,  in  SC 1, is possibly due to an eruption 
that occurred in the last few years (Figure 6.11). The lower values in the other sites may be 
due to smaller volcanic events or blowing debris from an older volcanic event, fractionation 
or tropospheric emissions (Figure 6.11 and Table 6.3). Unfortunately none of these possible 
volcanic events corresponds with a debris layer in the crevasses and cores, which would have 
provided a visible indication of an eruption. The lack of a volcanic debris layer in the Heard 
Island ice core records may be a result of wind transport or as a result of meltwater locally 
super-cleaning the ions, by flushing away debris deposited in the upper surface layers of the 
glacier. 

Table 6.3.: Mean nss-calcium and maximum nss-sulphate values (i./Eq L -1 ) from the Brown 
and Stephenson Glacier sites. 

Site BC1 BG1 BC2 SG1 SC1 
nss-sulfate 1.68 5.26 1.80 0.80 178.86 

nss-calcium 0.07 0.38 0.20 0.19 0.08 

Nss-ca lc i um High nss-calcium average values at each of the sites, particularly at BG1, could 
originate from local rock outcrops (Figure 6.11 and Table 6.3). A high dust signal at these sites 
were expected given the close proximity of Long Ridge and other rock outcrops in the Brown 
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and Stephenson glacier basins and the near constant winds, which cross the upper glacier pre-
dominately from the south and southwest (see Section 4.3.4). 

6.7.3. Regional seasonal signals in the Heard Island oxygen isotope values 

The summer 8 180 values measured from rainwater on Heard Island provide  an  indication of the 
degree of oxygen isotope depletion in the water vapour deposited at sea level (-8.6 %o, —6.2 Toc 

and —3.5 Too). These rainwater 8 180 values are within the same range as the longer, annual 
sea level data sets from Cape Grim (40 041 S 144°41E), Margate (43°01'  S  147°09' E), and 
Macquarie Island (54°30' S 158°57' E) (Figure 6.14). These three Tasmanian sites have a 
seasonal signal in the 45 18 0 record alternating between mean monthly values of —6.3 %o and 
—2.3 700 with a minimum value of —21 Too at Macquarie Island and a maximum value of 2.3 Too 

at Cape Grim (Figure 6.14) (V.I. Morgan and W.F. Budd pers. corn. 2005). The variation in the 
Heard Island annual 6 18 0 rainwater values is unknown but because they fall within a similar 
range as the three Tasmanian sites it is assumed that Heard Island could have a similar 4 to 5 % 
range in 3 18 0 values over the year at sea level. 
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Figure 6.14.: Seasonal cycle of rainwater oxygen isotope samples from three Tasmanian sites 
(Cape Grim, Margate and Macquarie Island from the unpublished data of V.I. Morgan and W.F. 
Budd) and four days sampled on Heard Island. 

The Brown Glacier samples are likely to have a lower isotopic value compared to isotopes 
deposited on the western side of the island. This continental effect is demonstrated by compa-
ring the mean monthly isotopic values from Margate and Cape Grim (Figure 6.14). The Cape 
Grim average monthly values are higher then the Margate values because Cape Grim is located 
on the west coast of Tasmania and therefore is closer to the ocean source, which has a 8 180 0. 
Margate on the other hand is located in the south of Tasmania. The westerly winds that bring 
precipitation to Margate must pass over the western half of the state before depositing heavier 
isotopes en route resulting in Margate having lower average monthly isotopic values. 

8 - 
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6. An estimation of net balance from ice and snow samples 

6.7.4. Spatial distribution of oxygen isotopes on Brown Glacier 

The variability of 3 18 0 accumulated on a glacier surface can be attributed to the combined 
effects of atmospheric circulation and glacier topography (Munro, 2005). As the sensitivities 
of temperature and precipitation anomalies on the glacier surface are characteristics that change 
from year to year in spatially diverse patterns. A compilation of this surface data can enable a 
better understanding of the variation in the depletion of 3 18 0 in precipitation in terms of the 
temperature and elevation at a particular location (Morgan, 1982). 

A change in isotopic value with elevation is often expressed as an isotopic lapse rate, de-
fined as the change in the 3 18 0 per 100 m increase in altitude. Isotopic lapse rates are fairly 
consistent worldwide though are better constrained at elevations of less than 5000 m (Poage 
and  Chamberlain, 2001). 

The first snow samples collected to investigate the surface spatial distribution of 3 18 0 on 
Heard Island where collected by M. Hendy and party, a group of climbers, who descended the 
northeastern slopes of Big Ben near Long Ridge, which  is  just above Brown Glacier, in 1983. 
These seven samples collected from elevations ranging between 2720 and 300 m asl were kept 
in storage for two years before analysis. It is assumed that all of the samples were stored in the 
same manner and therefore can assume that although the values measured may not be a true 
isotopic value, the relative difference between the samples should be approximately the same 
as if the samples had been analysed sooner. The Long Ridge-Big Ben surface samples have an 
average lapse rate of —0.25% per 100 m (Figure 6.15). 
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-14- r = 0.94 	 • 
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-18 	  
0 	500 	1000 	1500 	2000 	2500 	3000 

Elevation  (m  eel) 

Figure 6.15.: The oxygen isotope values for surface snow samples collected by a climbing 
party in 1983. 

The Brown Glacier isotopic snow surface samples, collected between 250 and 1034m ash 
provide an isotopic lapse rate (slope) of —0.58 Vcc per 100  m  (Figure 6.16). The Brown Glacier 
rate is higher than other published isotopic lapse rates, whereas the Long Ridge-Big Ben rate 
is lower (e. g., —0.459w per 100 m at Mt Blanc, —0.359 per 100 m Cordillera Blanca. Peru 
(Poage and Chamberlain, 2001) and —0.309 per 100 m near Mt Blanc (Moser and Stichler, 
1975)). The wide range in isotopic lapse rates seen globally are often the result of inconstant 
isotopic deposition due to the variability in storms making it difficult to make any definitive 
conclusions about the relationship between isotopic value and elevation change. 
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Figure 6.16.: The season 2 snow surface and rainwater results with respect to elevation. 

6.7.5. Storm events in the isotopic record 

The snow surface isotope samples also provided an opportunity to observe a change in the local 
atmospheric composition during a storm event. Storms or fronts that cross Heard Island build 
and progress toward the Island from the surrounding southern Indian Ocean waters. Once pre-
cipitation begins in a frontal system the oxygen isotope composition of the water vapour within 
the storm clouds begins to be depleted in heavy isotopes. The majority of fronts and storm sys-
tems that progress over Heard Island move relatively quickly depositing only relatively heavy 
isotopes (-11 to —7 4%o). On occasion storm systems will stall as the air flows over Big Ben. 
In these instances if precipitation continues the heavier isotopes in the water vapour becomes 
depleted leaving the lighter isotopes (-25 to —18 %o) to be deposited. 

On 26 January 2004 a stalling storm system passed over Heard Island. Early in the mor-
ning of the 26 January we experienced no precipitation during the traverse from sites BG256 
to BG253. Then light snowfall began and the AWS3 located at 920 m as1 recorded a drop 
in wind to below 5 kt from 12:30 to 18:50 LST that evening on Brown Glacier. Along the 
BG201 to BG202 traverse line and at BG15 and BG151 there was enough snow fall for a to-
tally fresh snow sample to be collected. The 3 180 values from these samples range from —20.5 
to —18.4 %o. These lower values are similar to those measured at Law Dome (-24 to —18 %o) 
(Van Ommen and Morgan, 1997), other coastal Antarctic sites (-28 to —15.2 70o) (Morgan, 
1982) and the BO9B and C08 icebergs (-23 to —14 %o) (Long, 2004). In  order  to illustrate the 
changes in 3 180 with time all of the samples collected on 26 January 2004  are  plotted against 
time of collection (Figure 6.17). 

These stalling storm systems may be a frequent event during a Heard Island summer as the 
snow surface samples collected on 12 February 2004 indicate a similar stalling storm system 
crossed Brown Glacier as evident by one surface sample (-19.95 %o) collected at BG10. The 
stalled storm systems and their effects on isotopes described here have also been investigated 
by Holdsworth and Krouse (2002) at Mt Logan, Canada. 
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Figure 6.17.: Snow surface sample record with respect to time of collection on 26 January 
2004. Precipitation began at around 14:00 Local time (UTC +5) illustrating the difference 
in the previous day's snow fall (collected before 14:00), which have the higher 5 18 0 values, 
compared to the lower 5 180 values associated with the storm event. This shows that there 
can be changes in the isotopic composition of the water vapour when storms pass over Brown 
Glacier 

6.7.6. Homogenisation of the isotope record 

The Brown and Stephenson glaciers ice core and crevasse isotopic records reveal a homogeni-
sed isotope time series that has seasonal fluctuations around a mean isotopic value of —8.4 to 
—9.4 %D. A comparison between the Heard Island isotope values and isotope records from other 
Southern Hemisphere locales (compiled by the International Atomic Energy Agency and the 
World Meteorological Organisation (WMO) in the Global Network of Isotopes from Precipi-
tation (GNIP) (Appendix E.1)) indicate that the ice core and crevasse isotope values measured 
on Heard Island are similar to the isotopic values measured from other sub-Antarctic islands 
and some Antarctic Peninsula sites. This provides evidence that meltwater may only be deple-
ting deposited isotopes (evidenced by the subdued record) rather than completely removing the 
isotopic seasonal signal. 

The three longer crevasse records all have very smoothed 3 18 0 values especially with depth. 
Both BC1 and SCI have smoothed 5 180 values that become more negative with depth, which 
is unusual as 5 18 0 typically is more positive with depth, like observed in BC2 (Figure 6.11) 
(Thompson, 1979). This decrease in 5 180 values is most likely to be due to post depositional 
processes, either meltwater percolation into the surface snow which then refreezes in winter, 
winter precipitation percolating into the snow surface during a winter fOhn wind, or mixing of 
water vapour from evaporation of snow in the firn. 

6.7.7. Seasonal signals in oxygen isotope records as annual markers 

Brown Glacier is a relatively fast (average surface velocity from 2000/01 and 2003/04 field 
seasons was is 35.4 m a -1 ) moving small temperate glacier with a mass turn over of <150 
years. The isotopic samples in ice cores from slower moving glaciers with low accumulation 
rates (e. g., Antarctica) may be skewed by the ice flow of the glacier, affecting the interpretation 
of the seasonal signal due to the source locations of the deeper isotopes being from a cooler 
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6.7. Interpretation of stratigraphic analysis 

surface further up glacier. The high accumulation rates measured at sea level and the high mass 
turn over from Brown Glacier implies that the variation in isotopes with depth is more likely to 
be a record of a seasonal signal rather than a climate signal. 

To measure the thickness of the net balance layers the summer signals (less negative values) 
were identified. If these are true summer markers, then the distance between them represents an 
annual net balance. The measured thickness of the net balance from summer signals does de-
pend on the interpretation of what is a summer peak, what is a storm signal  and  what variability 
may be due to sampling interval. 

In an attempt to reduce the error in net balance from these five sites the thickness between 
summer signals were smoothed to highlight the seasonal trends (Figure 6.18). For all but 
BC2 the summer peaks were identified as a relatively sharp increases in oxygen isotope values 
throughout each of the core and crevasse isotope profiles. The summer peaks in BC2 could 
be interpreted in several ways, therefore the maximum and minimum layer thickness for this 
site is reported (Table 6.4). The average net balance derived this way from the ice cores and 
crevasses ranges from 2.3 m w.e. to 0.7 m w.e. (Table 6.4) (see Section 5.5.2 for densities used 
to calculate w.e.). 

BC1 
	

BG1 	BC2 	SG1 	SCI 

Figure 6.18.: Seasonal signals in the oxygen isotope records and the five point running mean. 
The summer signals have been identified in each of the ice core and crevasse profiles based on 
the mean values by defining a maximum and minimum range. The blue lines in BC2 represent 
a peak that was used to calculate both a maximum and minimum net balance, where as the 
grey peaks were only used for the maximum net balance value. 

These 2003/04 net balance estimates differ from the estimates made from Cl (6 to 7 m a -1  ) 
and the BPI snow pit (>0.8 m a -  I) samples (Truffer et al., 2001). Truffer  et  al. (2001) based 
their estimation of the net balance on the 5 180 profile and debris layers. Their report did 
not consider the effects of volcanic events on the ice surface. If their results are analysed 
for summer isotope signals, without input from debris layer locations,  there  are up to five 
possible seasonal cycles evident (Figure 6.19 and Table 6.4). Providing an average net balance 
of 1.6 m a 1  This rate, for a higher elevation site, is similar to the average value obtained 
from the five 3 180 profiles from 2003/04 of 1.3 to 1.6 m a - I  w.e. (Table  6.4). 
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6.7. Interpretation of stratigraphic analysis 
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Figure 6.19.: 2000 C 1 isotope record. Red lines are dirt layers observed by Truffer et al. (2001) 
and purple lines are a re-interpretation of the isotope peaks in the crevasse record. 

This similarity implies that the location of C 1 does not have a significant influence on the 
net balance at that site compared to the 2003/04 sites. Additionally these net balance values 
suggest that although there is interannual variability (0.6 to 3.6 m) the average net balance at 
elevations between 756 and 1050 m are similar. 

6.7.8. Determining if the trace ion record was melt effected 

Initially, due to concerns about meltwater effects on the trace ion concentration, there was 
some uncertainty about whether there would be a seasonal signal, especially given the wide 
range in concentrations measured. To determine if melt was a factor in the interpretation of 
the seasonal signals a comparison was made of the mean, maximum and minimum sodium, 
chloride, sulphate and nitrate concentrations at the 2004 sites and the higher elevation SP83 
site (Table 6.5). This revealed a grouping of mean values between the sites. BC2, BG1 and 
SG1 each had lower mean concentrations compared to the higher mean concentration at BC 1, 
SC I and SP83. A better understanding of the ranges in concentration was found by using a 
simple statistical model (Figure 6.20). 

A box and whisper plot was used to help interpret the distribution of data. Quartiles separate 
the original data into four equal parts each of these parts contains a quarter of the data. The 
box represents the median of the third quartile (top of box) and the median of the first quartile 
(bottom of box). The centre of the box is the median of all of the data. The range in the data is 
represented by the 'whiskers', the top is the highest value and the bottom is the lowest value. 
The cross hairs, when present, represent a value that falls well outside the range of the rest of 
the data, an outlier. 

The range of trace ions in BC2, BG 1 and SG1 are much smaller than the three other Heard 
Island sites (Figure 6.20) and the maximum and minimum concentrations in trace ions for other 
maritime locations (Aristarain and Delmas, 1981; Galloway et al., 1982; Palmer et al., 2001; 
Isaksson et al., 2003). This indicates that these three sites (BC2, BG1 and SG1) are regions of 
chemically homogeneous, low concentration snow pack, which is a feature of a snow pack that 
has been effected by post-depositional factors. A comparison between the SG1 and SC1 sites 
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6. An estimation of net balance from ice and snow samples 

Table 6.5.: Mean and range in trace ion concentrations from the 2004 and 1983 sites 

C1 -  

(11 E11 1- -1 ) 

NO3-  

(11 E9L -1 ) 

SO42-  
(J-1 EcIL-1 ) 

Na+ 

(11 E9L -1 ) 
BC! 
mean 87.95 1.93 9.06 92.0 
max 180.04 6.81 24.47 189.75 
min 15.86 0.01 0.79 14.23 
n 51 51 51 51 
BG1 
mean 10.60 0.14 0.67 8.99 
max 24.08 0.16 5.98 20.77 
min 4.90 0.09 0.16 0.01 
n 29 29 29 29 
BC2 
mean 4.36 0.09 0.30 4.06 
max 8.44 0.13 2.04 15.53 
min 2.59 0.07 0.07 1.79 
n 43 43 43 43 
SG1 
mean 11.40 0.13 0.44 11.04 
max 18.51 0.14 0.90 17.65 
min 0.59 0.05 0.10 5.33 
n 20 20 20 20 
SC! 
mean 35.12 0.16 5.78 35.46 
max 207.12 1.15 203.27 204.70 
min 9.62 0.03 0.57 8.33 
n 67 66 67 67 
SP83 
mean 30.69 0.33 3.05 25.65 
max 341.30 1.82 26.96 287.52 
min 0.28 0.01 0 0.15 
n 30 30 30 30 

provides an example of the variability of melt effected snow pack on Heard Island given that 
these two sites are less than 2 m apart. 

The BC1 crevasse consistently has the highest mean, largest range and fewest outliers in 
concentration compared to the other sites (Figure 6.20). The range in concentration is similar 
to typical trace ion ranges in coastal Antarctic sites indicating that this site may be a good 
representative of the trace ion deposition on Brown Glacier (e.g., Herron, 1982; Savoie et al., 
1993; Curran et al., 1998). Further this crevasse site was the only site to provide a complete 
MSA profile. Investigations have shown that MSA is one of the first ions to be removed from 
the snow pack by melt (e.g., Pohjola et al., 2002b; Pasteur and Mulvaney, 1999). Consequently 
the likelihood that melt has effected this record is low despite the presence of visible meltwater 
when sampling this crevasse. 

A comparison between the SCI crevasse and the SP83 sites reveals a similarity in the concen-
tration range (Figure 6.20). This implies that melt influences at SCI are low, given that SP83 is 
at a higher elevation (2450 m asp and therefore assumed to have little or no melt. It is possible 
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Figure 6.20.: A comparison of box and whisker plots for the four trace ions that were measured 
at both SP83 and the 2004 sites. 

therefore to regard SCI as a good representation of the seasonality on the Stephenson Glacier 
given its length, and low melt influences. 

This interpretation of the Heard Island trace ion concentrations reveals  that  the BC1 and SC1 
crevasses are likely to supply the best records for estimating the net balance and are the only 
sites used for further analysis in this study. 

6.7.9. Seasonal signals in the trace ion record 

The BC1 and SC1 trace ion signals (Figure 6.11) are unusual given that each ion has a very 
similar trend. This appears to be typical of Heard Island as the SP83 site had a similar synchro-
nise signal. 

The trace ions for BC1 and SC1 both have a high variability, which maybe due in part 
to sample intervals. To detect the summer signals the signal ratios between nitrate/sodium, 
sulphate/sodium and MSA/sodium were smoothed, as this signal will reduce any effects of 
concentration yet still highlight a summer signal. This summer signal is likely to be preserved 
even if bulk transport of the ions occur through the snow pack. 

The nitrate and MSA in BC1 and SCI are investigated because these  two  ions have less 
variability in their signals and both have higher concentration in summer compared to winter. 
If these peaks are true summer signals, then the distance between peaks  is  a measure of net 
balance. The measure of net balance for these summer signals depends on determining at what 
magnitude is a peak summer signal. To incorporate this possible error in the net balance a range 
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6. An estimation of net balance from ice and snow samples 

of maximum and minimum  net  balance values for BC1 and SCI were calculated (Figure 6.21 

and 6.22). 

A: BC1 
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Figure 6.21.: The BC1 net balance values, based on the possible number of summer signals, for 
the ratios between the nitrate/sodium, sulphate/sodium,  and  MSA/sodium ratios; the maximum 
and minimum number of signals are listed for reach ratio. The red circles represent a summer 
peak that is identifiable in more than one ratio. The grey circles are possible summer peaks 
that are within 0.6 m between ratios. 

The BC1 site has higher concentrations of most ions than the SC1 site and is also the only site 

that has more than four MSA values. The summer signal from the MSA/sodium ratio resulted 

in a range of average net balance values of 1.7 m or 1.3  m  w. e. to 2.2 m or 1.7 m w. e. (Figure 

6.21). The other two ratios nitrate/sodium and sulphate/sodium have a slightly larger range in 

values (Figure 6.21). The sporadic nature of the volcanic activity on Heard Island is very likely 

to mask the seasonal signal interpretation based solely on  the  sulphate/sodium ratio. To remove 

this possible error in interpretation the sulphate/sodium  ratio  was removed when comparing the 

ratios for overlapping seasonal signals. When the summer signals for the other three ratios are 

compared there are 5+ concurrent peaks (Figure 6.21).  This  analysis, assuming that this site is 

not melt effected, has resulted in a range in net balance for BC1 of - 2.4 m w. e. to - 0.5 m w. e. 

(see Section 5.5.2 for density of snow values used to calculate the water equivalent values). 

Before the summer signals in SCI are identified the volcanic signal at 5.6 m depth, indicated 

by an increase in sulphate and calcium measurements, was ignored (Figure 6.11). It should 

be noted that this volcanic signal may be masking a summer or winter signal. The two ratios 

used for SC I are nitrate/sodium and sulphate/sodium (Figure 6.22). These two ratios resulted 

in a range of average net balance values of 1.6 m or 1.3 m w. e. to 2.6m or 2.6 m w. e. for 
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Figure 6.22.: The SC1 net balance values, based on the possible number of summer signals, for 

the ratios between the nitrate/sodium, sulphate/sodium, and MSA/sodium ratios; the maximum 
and minimum number of signals are listed for reach ratio. The red circles represent a summer 
peak that is identifiable in more than one ratio. 

nitrate/sodium and 2.5 m or 1.8 m w. e. to 4.5 m or 3.6 m w. e. for sulphate/sodium. If the 

summer signals for these two ratios are compared for any overlap in signals there are few 

concurrent summer peaks (Figure 6.22). Again it was assumed that volcanic activity may be 

skewing the summer signal interpretation and therefore the net balance thickness was calculated 

from the summer peaks in nitrate/sodium only. Assuming that this site is not melt effected, the 

range in net balance values for this site could be from 2.1 m w. e. to 1.3 m w. e. (see Section 

5.5.2 for density of snow values). 

6.7.10. An estimation of annual net balance on Brown Glacier 

Meltwater processes have not had such a detrimental effect on the SC I and BC 1 crevasse 

trace ion samples hence the average net balances thickness will be estimated from these two 

sites. The summer surface identified from the mean trace ion ratio signals in BC! and SCI 

are compared to the mean 3 18 0 values (Figure 6.23 and 6.24). This results in a thickness 

measurement of net balance and not an indication of the depth of the true  net  balance summer 

signals. This interpretation is used because it was assumed that the mean values of oxygen 

isotope ratio and the mean ratio values of the trace ion provide a signal that amplifies the 

seasonal signal at each site. 

First the mean oxygen isotope ratio and mean nitrate/sodium ratios are compared; there are 

four possible corresponding peaks (/ to 4) (Figure 6.23 and Table 6.6). Two  of  these correspon- 
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6. An estimation of net balance from ice and snow samples 

ding peaks (1 and 3) have the nitrate/sodium summer peaks leading the oxygen isotope summer 
peak (Figure 6.23), which has been observed at other sites (e.g., McMorrow et al., 2004), there-
fore increasing the confidence that these peaks indicate a summer signal. The other two peaks 
(2 and 4) do not have this same relationship but are marked as being possible summer signals 
(Figure 6.23). These two peaks will also be compared to the location of the MSA/sodium mean 
values. 
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Figure 6.23.: BC lcrevasse sites isotope and trace ion records with the summer signals indica-
ted. A. Shows the relationship between the oxygen isotopes and nitrate/sodium ratio and B. 
shows the oxygen isotopes and MSA/sodium ratio. 

A comparison between the mean oxygen isotopes and mean MSA/sodium ratio indicate that 
there are up to five possible corresponding peaks (a to e) (Figure 6.23). All but peak d have a 
nitrate/sodium summer signal that occurs at relatively the same thickness. As a result peak d 
is removed when calculating the net balance from the MSA/sodium mean ratio values (Table 
6.6). 

This net balance analysis of BC I assumed that this 756 m asl site is not strongly effected by 
post depositional processes and that the mean oxygen isotope ratio and trace ion concentration 
represent a relative thickness of net balance. Using these assumptions, the net balance for BC I 
is between 1.8 m w.e. and 1.6 m w.e. (Table 6.6). 

The higher elevation (922 m) SC1 site did not have many detectable MSA values, therefore 
the mean oxygen isotope ratio are compared with the mean nitrate/sodium ratio to estimate a 
net balance (Figure 6.24). Seven possible corresponding peaks were identified, although peak 
vii was eliminated from the net balance calculation because of the uncertainty over which of the 
two isotopes peaks might correlate to the one nitrate/sodium peak. The remaining six summer 
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6.7. Interpretation of stratigraphic analysis 

Thickness (m) 

Figure 6.24.: SCI crevasse site isotope and trace ion records including the summer signals. 

Table 6.6.: The range in net balance estimates for Brown and Stephenson glacier sites. 

Site BC1 SC1 

Glaciochemical variable 5 18 0 Nitrate/Sodium MSA/Sodium 6 18 o Nitrate/Sodium 

Number of cycles 3 3 3 or 4 5 5 

Average net balance (m) 2.3 2 2.2 1.6 1.4 

Average net balance (m w.e.) 1.8 1.6 1.7 1.3 1.1 

Average net balance of site (m w.e) 1.7 1 2 

peaks can also be separated, peak i and iv were the only pairs that has the nitrate/sodium peak 
leading the isotope peak, the other four (ii, j1j v, and vi) do not. These other four peaks were 
still included in the calculation of a minimum net balance estimate for this site because both the 
oxygen isotopes and nitrate/sodium ratio peaks occurred at similar thicknesses when compared 
to the BC1 nitrate/sodium profile (Table 6.6). 

Assuming the SC 1, like BC 1, is a site that has no significant post-depositional effects altering 
the glaciochemistry and that this comparison of mean oxygen isotopes and mean nitrate/sodium 
is the best possible representation of the summer signal in SC 1, a net balance estimate is pro-
posed. The net balance at SC 1, 922 m asl, ranges between 1.3 m w.e. and 1.1 m w.e. (Table 
6.6). 

In order to investigate further the validity of this estimate of the net balance a comparison 
is made with the rainfall record at Brown Hut at 4 m asl. The 203/04 sea level precipitation 
measurements at Brown Hut (64 day period of season 2) of 653 mm is assumed to be indicative 
of a typical January to February period for this location, allowing further assumptions to be 
made about the annual precipitation at Brown Hut, which can then be interpolated further up 
the glacier. The Atlas Cove 1947 to 1954 precipitation records, which are the most complete 
records available, are also examined. These annual precipitation records indicate that typically 
the wettest months are January to May and the driest from July to September (see Section 4.2). 
Implying that it is probable that precipitation will be as high if not higher at Brown Hut from 
March to May until decreasing again in winter. Therefore the annual precipitation at sea level 
near Brown Hut could reach as much as 2800 mm (see Sections 3.3.2 and 4.2). 

These two estimated net balance values from SC1 and BC I are also compared to the net 
balance values determined by previous studies. The net balance estimate from this study is 
lower then the debris layer-based net balance estimate made by Truffer et al. (2001) of 6 to 
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7 m a -1  however they are closer to the net balance values estimated by Spencer et al. (1985). 
Spencer et al. (1985) estimated a winter net balance from the SP83 of 1.0 m and summer net 
balance of > 1.5 m, or a total of > 2.5 m. This seasonal difference in net balance is also reflected 
in the Atlas Cove precipitation records where the summer precipitation is approximately 50% 
greater than the winter precipitation. Additionally, given the height (2450 m asp and aspect 
(westward facing) of SP83 it is expected that the net balance at this site would be higher than 
the SCI and BC1 sites. 

6.8. Summary 

Ice core and crevasse samples collected from Brown and Stephenson glaciers have provided 
three different types of stratigraphic markers —visible stratigraphy, oxygen isotopes and trace 
ions. Initially it was assumed that the best estimate of the net balance of Brown and Stephenson 
glaciers would be from a combinations of these three components. Instead the visible stratigra-
phy records were found to be inadequate in establish an average net balance. Distinct summer 
layers could not be identified and volcanic debris from Big Ben interfered with the summer 
layer interpretation. Further, the oxygen isotope seasonal signals measured were reduced in 
amplitude and the trace ion signals were very noisy, although the seasonal cycles may have 
been retained in some of the records. By comparing the mean oxygen isotope values and ion 
summer signals, represented by the mean ratios between MSA/sodium and nitrate/sodium, a 
reliable indication of summer signal may be identified. Out of the five sites sampled only the 
BC1 and SCI sites were used to determine the net balance as statistical analysis indicated that 
the trace ion records at the other three sites had been affected by post-depositional alteration of 
the chemical signal. 

The net balance estimates from BC1 and SC1 are a best possible estimates for Brown Glacier 
given: 

• the stratigraphic markers used in this analysis highlight unique horizons at specific sites 
and depths which are indicators of annual and seasonal deposition events, 

• the few sites that were sampled which were found to be relatively free of significant 
post-depositional alteration of the glaciochemical signal, 

• the typical seasonal variations in trace ion concentrations and oxygen isotope ratios are 
evident in the ice cores and crevasse records on Heard Island, 

• the sporadic volcanic activity that alters the seasonal signals in the nitrate and to some 
extent calcium signals, reduces any confidence in using debris layers as summer surface 
markers, 

• the possibility that distance between samples maybe responsible for some of the noise in 
the isotope and trace ion profile, 

• the assumed densities of snow in Section 5.5.2 are the best possible approximation for 
calculating the snow water equivalent. 

Based on these assessments, the interpretation of a net balance for Brown Glacier has a range in 
values from 1.3 to 1.1 m w.e. at 922 m and 1.8 to 1.6 m w.e. at 756 m providing a first estimate 
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at these elevations. The high variability on Brown Glacier would explain why the 920 m site 
was found to have a lower net balance then then 756 m site. 
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7. Modelling the past, present and 

future changes in Brown Glacier 

7.1. Introduction 

The mass balance of glaciers has been studied for various reasons including contribution to sea 
level change (e.g., Meier, 1984), future water policy and water management (e,g., Kaser et al., 
2003) and as indicators of the changes in the local climate (e.g., Xie et al., 1999). Though 
there are many factors that alter the mass balance of a glacier, the change in glacier extent that 
has been observed globally is predominately due to either an increase of summer temperature, 
which effects melting, or winter (or annual) changes in snow accumulation. 

Determining whether a change in mass balance is due to temperature or precipitation is diffi-
cult in remote areas where meteorological and mass balance records are limited. For instance, 
on Heard Island, sea level meteorological records must be integrated with historical observa-
tions and recent glacier surveys to interpret discontinuities in the mass balance data created by 
the frequently short, sporadic field seasons (see Chapters 2, 4 and 5). 

Temperature and precipitation also effect the movement of glaciers. Dynamic variables, 
including ice flow, velocity, ice thickness and ice flux, are all influenced by the morphology of 
the glacier and to some extent the local climate. 

There are no mass balance measurements on Brown Glacier before 1992, hence models are 
one of the few methods available to estimate the mass balance. In this present study, it was 
decided that the best ablation model for Brown Glacier was based on a degree day model. A 
degree day model is reliant on temperature which is one of the few variables that has an annual 
record near Brown Glacier. To model the accumulation, the summer precipitation at Brown 
Hut and the annual precipitation at Spit Bay were used to establish an annual precipitation near 
Brown Glacier. The sea level precipitation was increased at a constant rate and then compared 
to the net balance measurements from the crevasses, the estimated ELA and the measured mass 
flux. Once the net balance was estimated the dynamics of the glacier could be determined using 
a steady state model described by Ruddell (1995) to model the ice thickness and velocity. 

Three different intervals were examined to compare the mass balance changes in the glacier; 
1950, 2001 and 2095, and two intervals for the ice dynamics: 1950 and 2001. The 1950 interval 
was chosen as a representative year for the initial ANARE occupation from 1947 to 1954. This 
period has substantial meteorological records (1948 to 1954) and radiosonde measurements 
(1950 to 1953) available for Atlas Cove. It was also during this period (December 1947) that 
the first aerial photographs were taken of the terminus of Brown Glacier. These photographs 
along with the remnant lateral moraines surrounding Brown Glacier were used to construct the 
DEM for 1950 (see Section 5.3.1). 1950 also represents a time when the glaciers on Heard 
Island were assumed to be in equilibrium (see Section 2.4.1), most reached the shoreline and 
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some may have been tidewater glaciers. It is known from observations and photographs that 
by 1963 several glaciers had begun to retreat from the coast. 

The year 2001 was chosen to represent this change from an equilibrium mass balance to 
the currently negative mass balance. 2001 was selected because it was during the 2000/01 
mass balance survey of Brown Glacier (see Chapter 5). In addition, climate measurements 
(accumulation and temperature) were made and the BG AWS was installed at — 550 m as1 along 
the southern lateral moraine of the glacier supplying the only annual high elevation temperature 
records on the island (November 2000 to August 2002) (Truffer et al., 2001) (see Section 4.3.1). 

To predict a future mass balance of Brown Glacier the year 2095 was selected. 2095 is the 
average date for the climate projections for different emission scenarios in the Fourth Assess-
ment Report of the Intergovernmental Panel on Climate Change (IPCC) (Meehl et al., 2007). 
The IPCC model scenarios were used to estimate the change in temperature from 1980 to 1999 
and 2090 to 2099. For this study both the B1 and A2 model projections were used (Meehl 
et al., 2007). 

7.2. Previous studies on Heard Island 

There have been few mass balance models developed for Heard Island. Ruddell (1995) develo-
ped a mass balance and ice dynamics model for the New Zealand Alps. He began to investigate 
reinterpreting this model for use on Heard Island and made some initial estimates (pers. com . 
A. Ruddell, 26 August 2001). 

Williams (1998) also used Ruddell's model to investigate the mass balance and dynamics of 
the Vahsel and Mary Powell glaciers and the effects of geothermal heat on these glaciers (see 
Section 5.4.4). More recently, Thost and Truffer (2008) investigated using an energy balance 
model for Brown Glacier. The limited meteorological records available for Heard Island (see 
Section 4.2) were insufficient to describe all of the processes that regulate the exchange of 
energy between the glacier surface and atmosphere which are necessary in an energy balance 
model. The uncertainties in the spatial variability of some of the data on the glacier surface 
conditions (e. g., due to surface shading, snow redeposition, wind and fan wind, albedo and 
surface roughness) meant that a full energy balance model was not the most practical way to 
estimate the melt rates on Brown Glacier. 

7.3. Modelling the mass balance gradient of Brown Glacier 

in 2001 

The available mass balance measurements on Brown Glacier from the 2000/01 and 2003/04 
seasons were used to model the annual net balance, these include, the summer ablation measu-
rements from the BG50 sonic ranger and the net balance stakes, and the annual precipitation at 
sea level derived from the Spit Bay annual records and the summer precipitation at Brown Hut. 

The summer ablation measurements combined with the BG AWS air temperature measure-
ments were used to calculate the mean positive degree day sum in a degree day model, which 
is used to estimate the annual ablation. The annual accumulation was estimated from annual 
and summer sea level precipitation and air temperature measurements. 
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The resulting annual ablation, accumulation and net balance were then compared to the 
stratigraphy based net balance values from the BC1 and SC1 crevasse records (see Section 
6.7.10), the mass flux measurements (see Section 5.4.5), and the estimated ELA (see Section 
5.5.1). 

7.3.1. Brown Glacier Degree Day Model (ablation) 

Annual measurements of snow melt and glacier meltwater outflow are not easy to obtain. The 
difficulties are due to the high level of maintenance required by instrument networks (e. g., 
stake networks and sonic rangers) and the logistics of maintaining these sites (see Section 
5.5.3). Solutions include the use of models to estimate the ablation on a glacier. There are two 
main types of melt models: energy balance and temperature index. In this study a temperature 
index model is used. 

Temperature index models assume that there is is an empirical relationship between air tem-
perature and ablation. They often match the performance of energy balance models on a catch-
ment size scale (Hock, 2003). This is attributed to the high correlation of temperature with 
several energy balance components (Braithwaite and Olesen, 1990; Lang and Braun, 1990). 
Air temperature models tend to have good modelled results despite their simplicity (Hock, 
2003). Hence they are useful for mass balance estimates in ice dynamic models (Oerlemans, 
2001) and for predicting the response of glaciers to climate change (Braithwaite and Zhang, 
1999). 

Degree day models (DDM) have been applied to predict melt for flood monitoring and hy-
drological modelling, mass balance forcing in ice dynamic models and to predict the response 
of glacier mass balance to climate change (Hock, 2003). DDM assume an empirical relation-
ship between air temperature and melt rates, usually expressed as positive (above the melting 
point) temperature sums (Hock, 2003) and assume that there is a constant relative contribution 
of each of the heat balance components, as long as the average heat balance conditions do 
not change significantly over a day or more (Lang and Braun, 1990). This relationship was 
first used for an Alpine glacier by Finsterwalder and Schunk (1887), since then the relation 
has been applied and further refined globally for the estimation of snow and melt runoff (e.g., 
Lang, 1968; Braithwaite, 1995; Singh et al., 2000; Szafraniec, 2002). 

DDM are the most commonly used melt model due to: 

• Wide availability of air temperature data, 

• Relatively easy interpolation and forecasting possibilities of air temperature, 

• Generally good model performance despite their simplicity, 

• and computational simplicity (Hock, 2003). 

The most basic DDM relates the amount of ice or snow melt, A, over a period, n, to the sum 
of the positive air temperatures, PDD, for a time interval At(d), during the same period. The 
factor of proportionality is the degree-day factor, DDF, expressed in mm d° C -1  (Hock, 2003): 

LA = DDF PDDAt 	 (7.1) 
i=i 	i=1 
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7. Modelling the past, present and future changes in Brown Glacier 

Commonly a daily time interval is used but hourly or monthly time intervals can also be used 
to determine the DDF. 

The DDM used to predict the annual ablation of Brown Glacier is based on a model de-
veloped by Braithwaite and Olesen (1989). This DDM assumes that the ablation rate at any 
place on the glacier is proportional to the air temperature at the same place (1 to 2 m above the 
surface) as long as the temperature is at or above the melting point (Braithwaite and Olesen, 
1989) and is given by: 

	

a, = 7+ coT, 	T, > 0°C 	 (7.2) 

where a, and 7; are the ablation rate and temperature respectively at some time t, and y and 
co are constants. Physically y represents the melting with air temperature of 0° C while CO 

describes the increase of ablation with temperature. This equation implies that part of the 
ablation energy is independent and part is controlled by air temperature (Braithwaite, 1995). A 
logical variable H, is defined such that: 

	

H, = 1 .0 	7; > 0°C 

	

=0.0 	T, < 0°C 

The total ablation A over a period of a time is given by: 

A = E Aar 
r=1 

where N is the period of time. Typically, a time interval of one day is used. 

Combining Equation (7.2) and (7.4) gives: 

	

r=N 	I=N 
A = Y LH1+ co E H,T, 

1=1 	1=1 

where EH, equals the number of days (N*) with temperatures at or above the melting point 
and EH, TI  equals the positive degree day sum (PDD) for the N day period. The mean daily 
ablation rate for the N day periods is A/ N and given by: 

A/N = y(N* IN)+ co(PDDIN) 	 (7.6) 

where MIN is the frequency of melting temperatures during the period and PDD/N is the 
mean of positive temperatures in the period. 

A DDF is used to distinguish between the amount of melt that would occur under the same 
temperature on different snow or ice surfaces. DDF for ice (DDF,) are typically higher than 
a DDF for snow (DDF s ) under otherwise identical conditions 'because of higher energy fluxes 
(Braithwaite, 1995) (Appendix F.1). DDF for snow and ice are typically determined from 
direct measurements (e. g., snow and ice block melting field experiments) (Singh et al., 2000), 
from energy balance calculations (Hock, 2003) or from the PDD of temperatures for a span of 

(7.3) 

(7.4) 

(7.5) 
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7.3. Modelling the mass balance gradient of Brown Glacier in 2001 

ablation observations (Podlech et al., 2004)). By definition a positive degree day factor (DDF) 
is: 

DDF = A/PDD 	 (7.7) 

Combining Equation 7.6 and 7.7 gives the DDF as a function of rand co: 

DDF = y(N * I PDD) + co 	 (7.8) 

The two variables co and y are derived according to Braithwaite and Olesen (1989) by exami-
ning the relationship between the mean daily ablation and the average daily PDD. For Brown 
Glacier, the 30 December 2003 to 18 February 2004 temperature and ablation data provides 
the most detailed measurements of these two variables. Hence, this relationship was calculated 
from the daily average temperature records from the AWS1, at 115 m as1  (see  Section 4.1 for 
AWS location) and from the BG50-2004 sonic ranger daily ablation at 179  m  asl (see Section 
5.5.3) (Figure 7.1). 
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Figure 7.1.: The summer relationship between the mean daily ablation and the mean daily 
PDD at 179 m asl on Brown Glacier. The red line represents a linear trend through these 
values. The black line is a trend fit through zero. 

Braithwaite and Olesen (1989) note that co is equal to the slope and y(N*  I  N) is equal to the 
intercept, resulting in an co value of 12.1 and a 7 value of 2.7 (N* /N =1 over this period) for the 
summer ice surface of Brown Glacier at BG50. The DDF is not generally the same as co, and 
Braithwaite (1995) found that the variation in N*/PDD decreases with increasing temperature 
resulting in the effect of yon the DDF being progressively reduced. Hence  co  tends to the DDF 
only in the limit of high temperatures. This present study has found that when the DDF for 
Brown Glacier is derived based on the PDD of transferred temperature for  a  span of ablation 
observations as suggested by Podlech et al. (2004) y(N* N) tends to zero (Figure 7.1) . Given 
the small y(N* N) value from this analysis, this study assumes that y(N* I  N)  is equal to zero 
on Brown Glacier, hence the mean daily ablation for this glacier can be calculated by: 

A I N = co(PDD/N) 	 (7.9) 
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7. Modelling the past, present and future changes in Brown Glacier 

and assuming that co is equal to the DDF: 

A/N -= DDF(PDD/N) 	 (7.10) 

A DDF for Brown Glacier The above relationship between PDD and ablation suggests that 
for Brown Glacier the DDF at BG50 (a predominately ice surface) is 11.6 mm w.e. d -1  °C-1 . 
This DDF; estimate is higher than most other published DDF, (Appendix F.1) but similar to 
DDF, for Spitsbergen of 13.8 mm w.e. d -1 °C-1  (Schytt, 1964), for glaciers in the Greenland 
Ice Margin Project of 9.2 mm w.e. d -1  °C-1  (Van de Wal, 1992) and for Aletschgletscher, Swit-
zerland of 11.7 mm w.e. d -1  °C-1  (Lang, 1986). 

A high DDFi  was also derived using the ablation data for the Vahsel Glacier, Heard Island. 
The Valise! Glacier DDF; was based on the ablation measurements (converted to w.e. based 
on a density of 850 kg m -3) every few days between 4 February to 5 March 1971 (Allison, 
1980) from eleven stakes ranging in elevation between 132 and 210m (see Section 5.4.1), 
temperature from the 1971 Atlas Cove meteorological records (Appendix C.2), and lapse rates 
derived from the 1950 radiosonde data (see Section 4.4.3). These variables provided a DDFi 
of 9.4 mm w.e. d -1  °C-1  for the Vahsel Glacier, assuming that co is equal to the DDF despite 
the high y(N*/ N) value. This difference from Brown Glacier may be in part due to the Vahsel 
ablation records being for longer periods (e. g., three to eight days) rather then the short-termed 
pinger daily records used for Brown Glacier. However this ablation-PDD analysis of the Vahsel 
Glacier still gives a relatively high DDF for another Heard Island glacier. 

Mean daily POD (*C d  -1 ) 

5.00 

Figure 7.2.: The 4 February to 5 March 1971 relationship between the mean daily temperature 
and the mean daily PDD at elevations between 132 and 210 m for the Valise! Glacier, Heard 
Island. 

Instrument failure of the BG35-2004 sonic ranger did not allow for a DDF to be derived 
for snow (DDF„) (see Section 5.5.3). Instead the DDF, was calculated based on a comparison 
between the different reported DDFs of snow and ice worldwide (Appendix E 1 ). Typically a 
DDF, is approximately 60% of a DDF, (for Himalayan and European Alps glaciers) therefore 
at first the DDF, for Brown Glacier was estimated as 7.0 mm w.e. d -1  °C -1 . Further analysis 
revealed that a higher DDF„ for Brown Glacier provided a better agreement with other mass 
balance parameters. 
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7.3. Modelling the mass balance gradient of Brown Glacier in 2001 

Summer ablation for Brown Glacier The summer ablation on Brown Glacier in 2001 was 

initially modelled from the AWS2 air temperature data at 550 m, a smoothed lapse rate ranging 

from -0.003 m° C -1  for locations above 750 m and -0.008 m° C -1  for location below 330 m 

(see Section 4.4.3), and a linear decrease in the DDF i  of 11.6 film w.e.  d -1 °C-1  at 80 m asl to 

a DDF, of 7.0 mm w.e. d -1  °C -1  at 1100 m asl. The ablation was calculated for each of the 

stake elevations (Figure 7.3, pink line) for the period between 9 January and  14  February 2004 

(36 days), the period when the best net balance stakes measurements and temperature data are 

available. 

Figure 7.3.: The summer ablation (over 36 days) from different DDF compared to the measu-

red net balance stake values. 

These modelled values were then compared to the measurements at the  net  balance stakes. 

Figure 7.3 shows that the modelled ablation diverges from the measured values on the upper 

glacier. Yet on the lower glacier the difference between the modelled  and  measured values 

over the full period at BG50 are within 0.3 m. This is less then the difference between the sonic 

ranger and the net balance stake at BG50 of 0.4 m (see Section 5.5.3). 

In an attempt to better match the measured ablation on the upper glacier, the DDF, was in-

creased to 9.9 mm w.e. d' "C' which is 85% of the DDFi. Figure 7.3 shows that this gives 

a better correlation on the lower glacier and a slightly better correlation  on  the upper glacier 

(green line). The DDF, was also increased to its limit on Brown Glacier of  11.6  mm w.e. d -1  °C. 

The DDF, can not be higher than the DDFi on the same glacier due to the relationship between 

higher energy fluxes and the snow or ice surface (Braithwaite, 1995). This constant DDF for 

Brown Glacier still did not provide the necessary increase in ablation on the upper glacier (Fi-

gure 7.3, blue line). To determine the best the DDFs for Brown Glacier several iterations of the 

summer and annual DDM were also compared to the measured and modelled mass flux values 

(see Sections 5.4.5 and 7.4). This analysis indicated that the bet fit DDFs  for  Brown Glacier 

are 11.6 mm w.e. 1  for ice and 9.9 mm w.e. d -1  °C -1  for snow. 

There are several reasons why the Brown Glacier summer DDM does not  compare  well to the 

measured values on the upper glacier. These include the unquantified effects that fain winds 

have on the glacier. It has already been shown that f6hn winds occur with  more  frequency and 

intensity on the upper glacier then the lower glacier (see Section 4.4.4). These periods of high 
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temperature can occur over short periods of time resulting in short term high ablation periods. 
However this high temperature interval may not be reflected in the daily temperature average, 
resulting in an underestimation of ablation. 

Another reason for the difference between modelled and measured ablation is due to the 
method of extrapolation of the air temperature (and therefore the PDD) from the AWS across 
the glacier surface. The lapse rates used are an average value for between 28 December 2003 
and 16 February 2004. This averaging results in a smoothing of both the diurnal variation of 
the lapse rates and the bimodal distribution in the lapse rates between 550 m and 920 m, which 
as noted in Section 4.4.3 maybe due to fan wind activity. 

An annual ablation for Brown Glacier An annual ablation for Brown Glacier was model-
led from the mean daily temperature measurements at BG AWS from 1 January to 31 December 
2001, using the same lapse rates as the summer DDM, and a DDF, of 11.6 mm w.e. d -1  °C -1  
and a DDF, of 9.9 mm w.e. d -1  °C -1 . The ablation was calculated along the central flowline of 
the glacier at 0.25 km intervals, resulting in an annual ablation ranging from -13.3 m w.e. a -1  
near the terminus to -1.6 m w.e. a -1  at 1100 m (Figure 7.4 and Appendix F.4.1). Similar high 
ablation measurements were recorded in 1999 near the terminus of the maritime glacier Nigard-
sbreen, Norway, which had a net balance of approximately -11.0 m (World Glacier Monitoring 
Service, 2001). 
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Figure 7.4.: Annual ablation of Brown Glacier in 2001 along the central flowline. 

To summarise, the annual ablation estimate is based on the following assumptions: 

• the DDF ratio between ice and snow is higher than is typically found on glaciers in the 
European Alps 

• the annual temperature lapse rate values for the glacier are similar to measured summer 
lapse rates for these elevations 

• AWS2 and BG AWS temperatures in conjunction with the lapse rates provide a good 
estimate of the temperature across the glacier 

• the density values used to convert the stake measurements into water equivalent are a 
good representative of the surface (although it is acknowledged that they could be in 
some error). 
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It is considered that this DDM for Brown Glacier is the best possible model given the limited 
mass and energy balance measurements, estimated DDFs, and significant unknowns in the 
surface density values. 

7.3.2. Brown Glacier accumulation 

Accumulation on a glacier is spatially inhomogeneous. There can be large local variations in 
the deposition of snow due to altitude and wind speed and direction. The effect of altitude 
on the vertical distribution of precipitation in mountainous areas is highly variable for different 
geographical locations (Barry, 1992). Studies have demonstrated that the altitudinal increase in 
precipitation is due to the combined effect of higher intensities and greater duration of precipi-
tation (Atkinsan and Smithson, 1976 as cited in Barry, 1992). In middle latitudes the general 
tendency for increased precipitation with height, typically to the highest observed levels, is 
modified considerably by a leeward or windward slope location (Barry, 1992). 

The paucity of high altitude meteorological stations to record precipitation rates in moun-
tainous regions means that to derive the accumulation on a glacier surface other methods are 
necessary. In most field studies snow pits are dug at multiple sites above the ELA to measure 
the depth of the previous year's accumulation (or net balance). 

The accumulation rate (Cr) is the rate of mass gain at a given point on the glacier at a given 
time. The ablation rate (a r ) is the rate of mass loss at a given point on the glacier at a given 
time. The balance or mass balance (b) of a glacier is the sum of the accumulation (c) and 
ablation (a) over a time interval: 

b= c+a= I (cr +ar)dt 	 (7.11) 

The net balance (bn ) is the mass balance at the end of a given year. The net balance is 
specific to a point but integrated over the balance year is defined as: 

bn  = f (Cr  + ar)dt = (b)12 —  (b)11 i l  
More recently ice cores have been drilled on temperate glaciers, which are analysed for ion 
chemistry and isotopes, to determine seasonal cycles in the glacier stratigraphy (see Chapter 6). 
But often direct accumulation measurements can not be made due to remoteness or logistical 
limitations encountered in the field, instead models are developed to estimate the changes in 
the accumulation with elevation. 

Temperature effects on precipitation type In mountainous regions the type of precipi-
tation that is deposited on a glacier's surface is dependent on the temperature. So, as well as 
calculating the annual accumulation, the amount of accumulation that falls as solid or liquid 
precipitation must be considered. A threshold temperature can be used to determine the type 
of precipitation on a statistical basis, for lowland stations in mid latitudes (Barry, 1992). The 
temperature records from nearby meteorological stations are projected to higher altitudes to 
ascertain the likelihood of solid precipitation deposited at a specific altitude and temperature. 

There are no solid precipitation fraction observations for Brown Glacier, instead a polyno-
mial function, derived for New Zealand glaciers (Ruddell, 1995), was used to calculate the 
solid precipitation factor, lif (Ruddell, 1995; Williams, 1998): 

t2 
(7.12) 
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7. Modelling the past, present and future changes in Brown Glacier 

Iv= a+b2 T d-c3 T +d4 T+e5 T + f6 T +g7 T+h8 T+i9 T 	(7.13) 

the polynomial values are listed in Appendix F.2. 

The mean solid precipitation factors for Brown Glacier in 2001 were determined from the 
lapse rate extrapolated temperatures from BG AWS. This resulted in the percent of the precipi-
tation that fell at 1100 m being 97% snow and 3% rain whereas at 80m it was 50% snow and 
50% rain. The solid precipitation values for typical Brown Glacier temperatures are presented 
in Appendix F.3. 

Sea level precipitation There has only been one annual record of precipitation measured 
on eastern Heard Island, at Spit Bay from March 1992 to February 1993 (see Section 4.3.2). 
Assuming that the annual accumulation on Heard Island has not changed significantly in the 
last 15 years, the total annual precipitation at sea level for Brown Glacier was derived from the 
difference between the January 1993 precipitation at Spit Bay and the January 2004 precipita-
tion at Brown Hut. The difference between these two January values was then used to calculate 
the total annual precipitation at Brown Hut (2.80 m w.e.). This same process was used between 
the average Atlas Cove precipitation (1948 to 1954) and Brown Hut, resulting in a total annual 
precipitation of 2.50 m w.e. Brown Hut is located at 4 m as1 whereas the terminus of the glacier 
is at - 80 m (in 2001). For the purpose of this model the annual precipitation at the terminus of 
Brown Glacier is assumed to be roughly equivalent to the annual precipitation at Brown Hut. 

It is acknowledged that this estimate of the sea level precipitation on Heard Island does not 
account for the typically high inter-annual and local variability of precipitation, more so than 
temperature, that has been measured at Atlas Cove (see Section 4.3.2) and at field camps during 
the summer field season (see Section 3.3.2). However given the limited data that is available 
for Heard Island this is the best estimate possible. 

Annual accumulation for Brown Glacier Precipitation is usually observed to increase 
with elevation (Barry, 1992) and the average precipitation over an entire catchment is grea-
ter than at sea level (see Section 5.5.4). Not all precipitation that falls on a glacier results in 
accumulation. Hence the temperature records and the solid precipitation factors, as defined 
by Ruddell (1995) in conjunction, with a trend in precipitation, derived from the precipitation 
records available from Heard Island, were used to provide the best estimate of annual accumu-
lation on Brown Glacier. 

For Brown Glacier, the precipitation was assumed to increase linearly from a sea level va-
lue to the top of the glacier. Initially the trend was assumed to be between a rate calculated 
from a trend line through three estimated precipitation values of 1.3 m a -1  km -1  and the es-
timated trend of Budd and Allison (1975) for Heard Island of 0.6 m a -1  km -1 . The various 
accumulation trends were compared to three field based measurements (Figure 7.5). 

The stratigraphic annual net balance was derived at 756m and 920m from two crevasses, 
which were analysed for trace ions, oxygen isotopes and visible stratigraphy (see Chapter 6). 
Despite the influence of meltwater percolation on the chemical constituents in the snow and ice 
on Brown Glacier an estimated range in net balance of 1.8 to 1.6 m w.e. at 756 m as1 and 1.3 
to 1.1 m w.e. at 920 m as1 was found (see Section 6.7.10). These two net balance values were 
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Figure 7.5.: Different total precipitation trends for Brown Glacier compared to the precipita-
tion values derived from field measurements (refer to text for more details). 

used in conjunction with ablation from the DDM and the solid precipitation factors to estimate 
the total precipitation at these two sites (SCI and BC1) (Figure 7.5). 

The precipitation at the ELA, which in 2001 was estimated at 550 m asl, is equal to the 
ablation at the ELA. The DDM gives an ablation of —3.4 m w.e. at the ELA. The total annual 
precipitation at the ELA, assuming no snow redistribution, required to give a snow accumula-
tion value of 3.4 m a-1  w.e. is 3.7 m a-1  w.e. (Figure 7.5). 

The measured mass fluxes transported by ice motion were one further parameter used to 
check the accumulation estimate. The net balance profile selected must provide the right 
amount of mass flux to match the measured values. This is discussed further in Section 7.4, 
where several different mass flux sections were examined. As a result of these iterations an 
accumulation measured of 0.7 m a-1  km-I , which together with the DDM ablation and com-
parison to the cumulative mass flux (see Section 7.4), gives the best net balance profile. 

The resulting annual precipitation on Brown Glacier was estimated to range from 2.8 m near 
the terminus to 3.7 m at 1100 m as1 and the annual snow accumulation profile to range from 
1.5 m to 3.6 m (Figure 7.6 and Appendix F.4.1). 

7.3.3. Net balance profile of Brown Glacier in 2001 

The annual net balance profile of Brown Glacier was calculated from the accumulation and 
ablation (Equation 7.12). As mentioned in the ablation and accumulation sections the variabi-
lity in the measured values required that the model be examined for various scenarios. After 
consideration of the spatial variability in accumulation on Heard Island (as discussed in Sec-
tions 3.3.2 and 6.10) and measurement uncertainty it was determined that the net balance values 
that gave the best fit to the measured mass flux values and the estimated ELA (between 500 
and 600m asl (see Section 5.5.1)) was from a DDM with DDFs of 11.6 mna w.e. d-I  OI  and 
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Figure 7.6.: The 2001 annual accumulation for Brown  Glacier  (green line) compared to the 
accumulation derived from the SCI and BC] crevasses,  ELA,  and sea level precipitation (SL 
ppt)  estimates.  Both  the snow accumulation and the total precipitation profiles are shown. 

a DDF, of 9.9 mm w.e. d -1  °C -1  and an accumulation  trend  of 0.7 m a -1  km -1  (Figure 7.7 and 
Appendix E4.1). 
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Figure 7.7.: The  2001  annual  net  balance of Brown  Glacier  compared to the net balance values 
derived from the stratigraphic analysis of crevasses. 

These modelled annual ablation, accumulation and net balance profiles are the best estimate 
of the current mass balance of Brown Glacier given the limited available data, while giving 
consideration to the variability of precipitation on Heard  Island  (see Section 4.3.2), the density 
values used (see Section 5.5.2) and the derived lapse  rates  for Brown Glacier (see Section 

4.4.3). 

148 



7.4. A steady state mass flux calculation 

7.4. A steady state mass flux calculation 

A glacier that is non-surging, or a calving tidewater and proglacial lake terminating glacier, is 
in steady state when its geometry and flow regime are unchanged over a long period of time and 
when its total net balance equals zero (Paterson, 1994). Steady state is a theoretical concept 
that rarely occurs in glaciers, though a relatively negligible volume change or redistribution can 
provide a satisfactory approximation (Paterson, 1994). A steady state glacier model is a useful 
tool in determining certain glacier and climatic characteristics. 

Consider a sector of the glacier, between two arbitrary elevation contours and an average 
surface net balance of bn . For steady state, the mass flux through a cross-section at the lower 
contour is equal to the mass influx through the upper section plus the surface net balance gain 
or loss over the area between the sections. Hence: 

Qb = bnA + Qb- i 

where Qb is the mass flux, A is the segment surface area and Qb_i is the total mass flux of the 
glacier upstream of the grid point. 

The area segments for Brown Glacier were determined from the 2001 contour map (see 
Section 5.3.1). The surface contours and the surface velocity measurements from the 2000/01 
and 2003/04 surveys (see Section 5.4.5) were used to delineate the outline of the glacier (Figure 
7.8) and to determine the central flowline. The central flowline was defined as the line that 
extends along the length of the glacier marking the highest surface velocities and is usually 
positioned near the middle of the glacier. Grid points every 0.25 km along the central flowline 
(Figure 7.8) were used to define the hypsometric sectors for mass flux calculations. The area 
of each grid segment was calculated using Surfer 8.0, a contour and surface mapping program, 
and are listed in Appendix F.5. 

The morphology of Brown Glacier indicates that the glacier can be separated into two areas 
(southern and northern), that roughly bisect the upper glacier above 400 m asl (Figure 7.9). The 
southern area of the glacier terminates near the coast. The northern area seems to terminate in 
a stagnant ice field above a cliff (Figure 7.9). In order to compare the modelled and measured 
mass flux values only the southern area of the glacier is used. This is because the measured 
mass flux values do not extend across the total width of the glacier (see Section 5.4.5). The 
BG35 and BG25 mass fluxes were calculated only for the section of the ice thickness profile 
that extends across the southern area, whereas the BG20 mass flux was calculated from a profile 
that was partially estimated for the southern area. 

The mass flux was also calculated for the smaller northern area of the glacier (not shown). 
The mass flux that terminates into the stagnant ice field was positive. Implying that as the 
glacier retreats there will be still some input into this region of the glacier. 

Several net balance profiles were investigated based on different linear precipitation trends 
to find the net balance values that gave the best fit to the measured mass flux values (Figure 
7.10). The cumulative mass flux for the southern area of Brown Glacier is derived from a 
precipitation trend of 0.7 m a -1  km - I  (see Section 7.3.2) and gives the best fit to the measured 
values (Figure 7.10). 
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7. Modelling the past, present and future changes in Brown Glacier 

Figure  7.8.: The 2001 contour map for Brown Glacier.  The  contour intervals are 10 m with 
every 50  m interval highlighted  in  red. The 2001 glacier outline, the central flowline (blue) and 
the  0.25 km  grid  points (stars) are included. 

Figure  7.9.: The January 2001 Digital Globe satellite image of Brown Glacier showing the 
location of the northern cliff, snow field and the narrowing of the glacier around the northern 
cliff. The location of the approximate outline of the glacier is also indicated and a rough 
outline of the snow field. A photograph is also included to give another view of the the cliff 
and narrowing of the glacier. 
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7.5. A 2-D steady state dynamics model for Brown Glacier 
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Figure 7.10.: The cumulative mass flux for the southern area of Brown Glacier compared to 
the mass flux values derived from field measurements (see Section 5.4.5). 

Brown Glacier cumulative mass flux for 2001 The mass flux for the entire glacier area 
was also calculated. This mass flux value was necessary to compare with the dynamic model 
discussed in Section 7.5. The total mass flux of the glacier was also calculated from two 
different areas. The mass flux for the upper glacier was calculated from the total width of the 
glacier until an elevation of 400 m, below the BG35 net balance stake profile. For grid points 
between 400 m and 80 m asl the mass flux was calculated from the mass flux of the southern 
glacier area only. The combination of these two areas of the glacier gives the best estimate of 
the mass flux profile of Brown Glacier. 

Figure 7.11 shows that the mass flux of Brown Glacier below 350 m asl is negative. This 
implies that if the current conditions persist, even with no further warming, then Brown Glacier 
will retreat to an elevation of 350 m asl. The negative mass flux also means  that  when modelling 
the steady state velocity and ice thickness there would be some instability in the lower glacier 
model. 

7.5. A 2-D steady state dynamics model for Brown Glacier 

Ruddell (1995) developed a steady state model of the dynamics for New Zealand glaciers, 
which was reconfigured in this study for Brown Glacier. This steady state model assumes that 
the glacier dynamics, which is the internal redistribution of mass by glacier motion according 
to mass conservation and the properties of ice, is stable. 

7.5.1. Velocity 

Glacier motion can be divided into two processes internal deformation and basal sliding. In- 
ternal deformation is movement within an ice mass due to gravity (Sugden and John, 1976). 
Basal sliding has several main processes, which have been derived from field and laboratory 
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Figure 7.11.: The cumulative mass flux for northern and southern areas of Brown Glacier in 
2001. 

based experiments (Sugden and John, 1976). The sum of the internal deformation (Ui) and 
basal sliding (14) is the total velocity at the centre line of a glacier (Us ) (Aas and Bogen, 1988) 
and is given by: 

Us  = Ui+ Ub 	 (7.14) 

Internal deformation velocity For internal deformation the relationship between ice ve-
locity and stress is a function of the properties of ice that is given by the flow law (Glen, 
1958). Basal shear stress is a direct result of the stress equation and momentum balance (with 
assumptions). The basal shear stress is given as: 

= f pigZ sin a 	 (7.15) 

where, 

	

f= 	 (7.16) 

and a is the surface slope, pi is the density of ice, g is the acceleration due to gravity, Z is 
the ice thickness, f is a stress shape factor, SI is the cross sectional area perpendicular to the 
bed and P is the perimeter of the cross-section (Nye, 1965). The, f, stress shape factor of Nye 
(1965) was found by Smith (1984) to be very similar to the S1 shape factor of Smith and Budd 
(1979): 

= S1 p1gZ sin a 	 (7.17) 
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7.5. A 2-D steady state dynamics model for Brown Glacier 

where 2 is the centre line ice thickness normal to the surface and Tx-  is the large scale surface 
slope normal to the surface. S1 is a shape factor dependent on the shape and dimensions of the 
cross section and its estimated hydraulic radius for a rectangle of equivalent thickness: 

= W + (riZ) 
	 (7.18) 

where W is the width of the glacier. 

Bindschadler et al. (1977) suggests that the thickness coefficient (71) can be empirically 
derived from flow in a channel of known thickness. Ruddell (1995) uses this empirical method 
to derive a value of n =2.5. He found that when Si is calculated with 77 =2.5 it compares best 
with values from other glaciers. 

The flow of glacial ice due to ice deformation (U,) in this 2-D steady state, flowline model is 
expressed as: 

U, = ki 	 (7.19) 

The power law coefficient (k1) in the deformation equation is defined by plotting the mean 
strain rate (U,/Z) and the basal shear stress (tb) (Ruddell, 1995). Only glaciers with negligible 
basal sliding and no ice falls were used in the plot. A value of k1 = 0.1 bar" a -1  is derived from 
this relationship based on a prescribed flow law exponent of n =3. These values are based on 
comparisons preformed by Ruddell (1995) between the calculated and observed deformation 
velocity for a wide range of temperate glaciers and laboratory experiments. 

Basal sliding velocity The second component of the total centre line velocity of a glacier 
is the velocity due to basal sliding. Since temperate glaciers tend to be thin, steeply sloped 
and have low normal stress, basal sliding may compose a large component of the glacier's total 
motion. Glacier sliding is inversely proportional to friction and normal stress (Deeley and Parr, 
1913). Many early studies (Lliboutry, 1968; Nye, 1969; Weertman, 1964) assumed that the 
sliding velocity is directly related to the basal shear stress and the irregularities and cavities in 
the bed. 

Budd et al. (1979) and Ruddell (1995) proposed the relationship: 

where, 

Zihn  
Ub = k2 N71 (7.20) 

= pig cos aZ* 	 (7.21) 

and, 

Z* = Z — 	 (7.22) 
\ Pi / 

where k2 is a sliding factor, AT: is the effective normal stress, r is the effective thickness, and 
m and q are empirically derived constants. Ruddell (1995) derived m and q values from fifteen 
glaciers. He found that a value of m =1 and q =2 gave the least scatter in results. 
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7. Modelling the past, present and future changes in Brown Glacier 

PH, is the water pressure at the bed of the glacier. There is a likely relation between water 
pressure and bed separation in low slope glaciers, polar ice sheets and outlet glaciers (Weert-
man, 1964; Bindschadler, 1983). Subglacial water is only important because of its lubricating 
effect as a thin film and when its thickness is sufficiently greater than that of the controlling 
obstacles (Weertman, 1957; Kamb, 1970). A small rise in water discharge can cause a large 
effect on water pressure even though the steady state water pressure will change very little 
(Bindschadler, 1983). A rise in the water pressure by a few bars is enough to increase the 
sliding velocity by an order of magnitude (Ruddell, 1995). If the water pressure is assumed to 
be negligible (as it is for this model of Brown Glacier) then the normal stress (Ns) is: 

= pigZcos a 	 (7.23) 

There are few direct measurements of the shear and normal stresses at the base of the glacier 
so the basal sliding velocity equation requires that there be adjustments in the k2 (Budd and 
Smith, 1981). The k2 values were empirically derived from the plot of the sliding velocity with 
Tb/A/s2  (Ruddell, 1995). It was found that the k2 values vary between 3750 m a -1  bar for normal 
sliding to 30,000 m a-1  bar for rapid or accelerated sliding (Ruddell, 1995). 

The basal sliding velocity can be given as: 

Ub = K2 
(  tana  

p,gZcosa ) 
	 (7.24) 

Total velocity The total velocity can now be defined by combining Equations 7.17, 7.19 
and 7.24 as: 

=k1 (Si pigZsina ) 3  Z + k2 

The modelled total velocity of Brown Glacier was calculated at the same grid points along 
the central flowline as the mass flux (see Section 7.4). To determine the total velocity the width 
of the glacier was measured from the 2001 contour map (Figure 7.8) midway between each 
grid point. This width was used to calculate the S1 values (Appendix F.6.1). The Si values 
were further constrained by the measured ice thickness profiles (see Section 7.5.2). 

The k2 values for Brown Glacier were determined from several iterations of the model which 
were compared to the measured velocities and ice thickness values from the 2000/01 and 
2003/04 surveys (Appendix F.6.1) and the modelled ice thickness values (see Section 7.5.2). 

Total annual velocity profile on Brown Glacier in 2001 The final modelled velocities 
were in reasonable agreement with the measured velocities (Figure 7.12 and Appendix F.6.1). 
The peak in modelled velocity, at 4 km from the top of the glacier and at an elevation of 280 m, 
is similar to the measured velocities. To best match the measured values the k2 values reached 
a peak at 3.5 km from the top of the glacier of 2000 m a -1  bar, which is below a normal sliding 
value of 3750 m a-I  bar (see Section 7.5.2). Williams (1998) found an even lower peak k2 value 
for the Mary Powell Glacier of 600 m a-I  bar. 

The total velocity profile has been split into two sections based on the two mass flux cal-
culations used to determine the ice thickness profile of Brown Glacier (see Sections 7.4 and 
7.5.2). 

p,gZcosa 
( S1tana  

(7.25) 
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Figure 7.12.: The 2001 modelled and 2000/01 amd 2003/04 measured total velocities for 
Brown Glacier. The total velocity is split into two sections, based on the two mass flux va-
lues defined in Section 7.4, at 3.5 km along the glacier. 

7.5.2. Ice thickness 

The ice thickness of a steady state glacier can be determined from the net mass flux and the 
velocity (Ruddell, 1995). When the width and velocity of a cross-section is known then the 
ice thickness can be determined from the other cross-sections on the glacier. The dynamic flux 

(Qd) across a section of the glacier is given by: 

Qd =WZU 
	

(7.26) 

where U is the mean velocity, W is the width of the glacier, and Z is the ice thickness. 

Ruddell (1995) provided an alternate method for determining the ice thickness by comparing 
observations and measurements from a number of temperate glaciers. He showed that for 
glaciers with low slopes a basal shear stress of 1 bar is maintained but this increases with slope 
to 3 bar. The ice thickness decreases with increasing slope from several hundreds of metres to 
approximately seventy metres. Over this range the basal sliding increases from less than 25% 
of the total motion to 90% (Ruddell, 1995). At these higher stresses ice would be even thinner 
and basal sliding could increase to 100%. Despite all of these changes in glacier geometry, for 
a given slope, the width averaged balance flux remains roughly constant as  Ul,  compensates for 
the changes. 

For a glacier that is assumed to be in steady state and have insignificant water pressure, then 
the ice thickness can be determined from the dynamics flux (Equation 7.26). These steady 
state conditions also allow for the balance flux to be assumed to be equal to the dynamic flux 

(Qb = Qd) bY: 
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7. Modelling the past, present and future changes in Brown Glacier 

Qb  Z = 	 (7.27) 
WI/s cp 

where (i) is a dynamic mass flux shape factor (Ruddell, 1995). 
Ruddell (1995) derived a cp value from thirty-two glaciers. The results indicated that the cp 

value does not vary much from the mean value of 0.49±12% and that despite the thinning of 
some of the thirty-two glaciers over time there has been little change in the cp value (Ruddell, 
1995). 

Then by rearranging Equations (7.18), (7.25) and (7.27) can determine Z without depending 
on velocity measurements. Assuming that g =2, m =1 and n =3: 

Qb 
w (zk i  (51pigZsina) 3  + k2 ( S tana 

(p,gzcosa))) 

Qb = Z5 W (pki (SI pg sin a)3 
W  (pZk2Si tan a 

pgZ cos a 

and finally, 

z= 
V kpki (Sipgsin a) 3  

[

Qb  (W (ppkg2cSoi staan a  ) 3  

In this steady state model, S1 is a function of Z therefore an iterative solution is necessary. To 
calculate SI, the k2 value is set to zero and an initial S1 value is chosen between 0.6 to 0.99. This 
range was defined by studies on parabolic, rectangular, elliptical and triangular cross sections 
(Nye, 1965). The estimate of S1 in this model is assisted by calculating the S1 values for the 
grid points that have a measured ice thickness and width (six points in total). 

Once the shape factor has converged the k2 is increased by incremental amounts. The 
sliding factor ranges from 0 m a -1  bar for no sliding to 3750 m a-1  bar for normal sliding to 
30,000 m a -1  bar for an ice fall. In this steady state model, the k2 value is constrained by six 
radio echo profiles of Z obtained during the 2000/01 and 2003/04 surveys. 

Brown Glacier ice thickness profile The modelled ice thickness on the upper glacier is 
dependent primarily on the k2 values (Figure 7.13 and Appendix F.6.1). The Z is very sensitive 
to the k2 values used therefore the k2 values were increased at roughly equal intervals down 
the glacier, attempting to correlate the resulting Z with the measured values. Below 400 m (or 
3.5 km down the glacier) this trend was reversed in order to maintain a stable model (Figure 
7.13 and Appendix F.6.1). This is also where the change in mass flux from the total glacier to 
the southern glacier occurred. 

The ice thickness values on the lower glacier could not be determined by the same methods 
as the upper glacier. The negative cumulative Qb that occurs in a retreating glacier creates an 
unstable model (Figure 7.11). Instead the ice thickness was initially estimated to calculate the 
total velocity, which was then compared to the measured velocities (Figure 7.12). Several ice 
thickness and k2 estimates were made before a reasonable estimate of the ice thickness was 
found for the lower glacier (Figure 7.13) (Appendix F.6.1). 

Z = 

then, 
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7.6. Past and future changes in Brown Glacier 

Figure 7.13.: The 2001 modelled and measured ice thickness measurements for Brown Gla-
cier. The upper glacier uses a mass flux value that include the total width  of  the glacier, where 
as the lower glacier uses a mass flux that is representative of the contributing area of the glacier 
(see Section 7.4). 

7.6. Past and future changes in Brown Glacier 

The mass balance and steady state dynamics models were applied to two additional intervals. 
The first was 1950, when Brown Glacier was believed to be in equilibrium. The second was 
2095, which represents the end of the recent IPCC report climate scenarios,  to  investigate what 
effect a further increase in temperature would have on Brown Glacier. 

Initially the accumulation over these two epochs were assumed to be relatively unchanged 
from the 2001 value. This is based on studies that have shown that an increase of 1° C has a 
much greater effect on the glacier mass balance then a change in precipitation. For instance, 
Williams (1998) established a relationship between the change in temperature and a change in 
precipitation on the Mary Powell Glacier required to model the observed retreat. He estimated 
that a 32% decrease in precipitation would have the same effect as a 0.98°C warming. Howe-
ver, Williams (1998) did not take into the account the higher variability of precipitation over 
Heard Island, as indicated in Section 3.3.2, than temperature. Further investigations into the 
precipitation in 1950 indicates that there may be some differences between  the  1950 and 2001 
precipitation rates (see Section 7.6.1). 

7.6.1. Past mass balance and dynamics (1950) 

The 1950 glacier outline was determined from a combination of the GPS surveys and the 1947 
DEM (Figure 7.8B). As discussed in Section 5.3.1 the upper glacier outline in 1950 is similar 
to the 2001 outline, based on the area of exposed rock outcrops. The 1950 lower glacier outline 
was defined by the height of the lateral moraines, observations made from the 1947 aerial 
photographs and the current seaward extent of the lagoon spit (Figure 7.14). 
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Easting (m) 

Figure 7.14.: The 1950 contour map of Brown Glacier. The contour intervals are 10 m with 
every 50 m interval highlighted in red. The 1950 glacier outline, the central flowline (blue) and 
the  0.25 km grid points (stars) are included. 

Similar to the 2001 model, grid points were established every 0.25 km along the central 
flowline (Figure 7.14). The central flowline was assumed to be relatively unchanged between 
the  two intervals. The width  of  the 1950 glacier was calculated as the width of the glacier at 
the  midway point between two grid points (Appendix  F.5). 

The mass balance of Brown Glacier in 1950 was assumed to be in steady state based on 
historical  observations that the glacier size did not fluctuate. To model the steady state mass 
balance for this period an estimate of the change in temperature and accumulation was neces-
sary. The proxy temperatures were calculated from the difference between the 1948 to 1954 
and  the 1997 to 2006 Atlas Cove temperature records (-0.9 °C), which was then subtracted 
from the annual 2001 BG AWS temperature data. In estimating the ablation, the DDFs and 
lapse  rates were assumed to be unchanged from 2001. 

The  annual ablation was found to range between  -1.1  ma -1  at 1100 m and -11.6 m a -1  at 
sea  level (Figure 7.15 and Appendix E4.2). The 1950  annual  ablation is less than the 2001 by 
about  0.5 m a -1  at 1100 m and approximately 3.0 m a -1  near  the terminus. These differences 
illustrate  the effects that a 0.9 °C warming has had on Brown Glacier. 

Initially,  the net accumulation for the 1950 glacier  was  assumed to be unchanged over the 
last  50 years, hence the same sea level precipitation  values  from the 2001 model were use to 
estimate the accumulation. This resulted in a glacier that was already retreating rather than in 
equilibrium. Instead, it was assumed that the sea level precipitation value was higher in 1950 
then  in 2001. This is supported by the precipitation records on the neighbouring sub-Antarctic 
islands. These records indicate that there has been a decrease in precipitation since the late 
1960s (see Section 3.5.2). 

To  factor in an increase in accumulation between 1950 and 2001 the sea level precipitation 
value  was increased until steady state conditions were  achieved,  i. e., when the mass flux near 
the  terminus of the glacier is approximately zero  (Figure  7.16). In this case the sea level 
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Figure 7.15.: The 1950 annual ablation, solid accumulation, and net balance for Brown 
Glacier. 

precipitation was increased to 3.8m (Figure 7.15). It is acknowledged that a 1 m decrease in 
sea level precipitation between 1950 and 2001 is unlikely. However in this model precipitation 
is a relative unknown compared to the temperature records. In fact, this iteration of the model 
may even be an indication that the sea level precipitation estimated for 2001 is too low. 
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Figure 7.16.: The 1950 modelled cumulative mass flux. 

Despite this increase in precipitation it was assumed that the same precipitation gradient 
(0.7 m a -1  km -1 ) occurred over the glacier, resulting in an annual solid accumulation of 4.5 m a -1  
at 1100 m and 2.0 m a -1  at the sea level terminus (Appendix F.3 and F.4.2). 
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7. Modelling the past, present and future changes in Brown Glacier 

The annual net balance that was derived from the 1950 ablation and accumulation suggests 
that the local ELA was near 400 m. This value is higher  than  the estimate from accumulation-
area ratios, snowline height and contour analysis of 350  m  (see Section 5.5.1). 

The ice thickness and total velocity of the 1950 glacier were determined based on the steady 
state mass flux (Figure 7.16). The k2 values were again increased in relatively equal intervals 
down the glacier, until below  400  m (3.75 km down the glacier) after which the k2 values began 
to decrease again (Appendix F.6.2). The 1950 upper Brown Glacier ice thickness was found to 
be similar to the 2001 ice thickness (Figure 7.17). The two ice thickness profiles diverge about 
2 km down the glacier. Below 2 km the 2001 glacier becomes thinner than the 1950 glacier, 
which extends to the sea, with its thickest point at 3.75 km down the glacier (400 m) near the 
ELA (Figure 7.15). 

Figure 7.17.: The 1950 Brown Glacier modelled ice thickness (blue line) compared to the 2001 
modelled values (green line). 

When comparing the surface and bedrock elevations between the two epochs (Figure 7.18) 
the two bedrock profiles are similar except from 2.5 to 3.75 km from the head of the glacier. 
Along this —1 km section, the 1950 glacier had a bedrock that was 20 to 50m deeper than the 
2001 glacier. This divergence in the estimation of bedrock elevation is along the same section 
of the glacier that the negative mass flux values for 2001 required several iterations of the 
dynamics model to determine an ice thickness that was a best fit to the measured data. 

The total velocity in 1950 was higher then in 2001 (Figure 7.19). Near the terminus of the 
glacier, the modelled velocity decreased rapidly. There are no measured values at this elevation 
and this modelled decrease could be a true representation of the velocity at this grid point. A 
similar decrease  in  velocity at  the  terminus was measured by Mercanton (1916) on the Rhone 
Glacier and modelled by Ruddell (1995) for the same glacier using a similar model to the one 
used in this study. 

7.6.2. Future mass balance estimates (2095) 

Current climate change predictions do not bode well for temperate glaciers. The rising tem- 
peratures will continue to adversely effect the mass balance by lengthening the melt season 
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7.6. Past and future changes in Brown Glacier 

Figure 7.18.: The surface and modelled bedrock elevations for the 1950 and 2001 Brown 
Glacier. 

0.45 

0.4 

0.35 

0.3 
-0 
• 0.25 

• 0.2 

Tv 

• 

0.15 

0.1 

0.05 

0 
1 
	

2 	3 	4 
	

6 

Distance down the glacier (km) 

Figure 7.19.: The 1950 Brown Glacier modelled velocity (blue line) compared to the 2001 
modelled values (green line). 

and increasing the positive degree days. To predict the possible changes  to  Brown Glacier in 
the next 90 years the non-mitigation model scenarios for the mean temperature from the recent 
IPCC (Meehl et al., 2007) are applied to the 2001 BG AWS records. 

The IPCC Fourth Assessment Report global warming temperature  means  were computed 
from multi-model results for future changes in the climate. The report focused on three emis-
sion scenarios, that represent a high (A2), medium (Al B) and low (B1) with respect to anthro-
pogenic greenhouse gas emissions and the resulting radiative forcing, relative to the scenario 
range (Nakicenovic et al., 2001) (Figure 7.20). 

To show how a warming on Heard Island would effect Brown Glacier the  B1  and A2 scenario 
temperature warmings were applied. By 2090-2099 the multi-model mean surface air tempe-
rature and associated uncertainty ranges relative to 1980-1999 are +1.8° C (1.1° C to 2.9° C) 
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7. Modelling the past, present and future changes in Brown Glacier 

MULTI-MODEL AVERAGES AND ASSESSED RANGES FOR SURFACE WARMING 

Year 

Figure 7.20.: The IPCC Fourth Assessment Report estimated global averages of surface war-
ming. The solid lines are multi-model global averages of surface warming for each of the 
scenarios shown as continuation of the 20th century simulations. The orange line represents 
the changes if concentrations where kept at present levels. The grey bars at the right indicate 
the net estimate and likely range assessed for the six marker scenarios. This figure is from the 
IPCC (2007). 

for the B1 scenario and +3.4° C (2.0° C to 5.4° C) for the A2 scenario. Both of these estima-
ted increases in temperature were added to the BG AWS measurements to give an estimated 
temperature for the 2095 epoch near Brown Glacier. 

Similar to the other two epochs of the model the precipitation gradient was assumed to 
increase at a rate of 0.7 m a -1  km —1 . It was also assumed in this model that the precipitation at 
sea level near Brown Glacier would not change between 2001 and 2095. 

Both the B1 and A2 mass balance models suggest that, over the same elevation range as the 
2001 model, that the 2095 ELA would be higher than the current head of the glacier (Figure 
7.21A and B). Additionally the annual ablation would be very high, with a range of —3.3 m at 
1100 m as1 and —18.9 at 80 m asl for the B1 scenario and —5.9 m at 1100 m asl and —25.2 m at 
80 m asl for the A2 scenario (Figure 7.21 and Appendix F.4.3). Both of these models suggest 
that Brown Glacier would cease to exist or be only a small patch of snow by 2095. 

As mentioned above, the precipitation for this epoch was assumed to be unchanged from 
2001. Given the current decrease in precipitation that has been reported for the SIO sub-
Antarctic islands it is probable that there would be a decrease in precipitation on the Heard 
Island, which in conjunction with warmer temperatures may result in Brown Glacier disappea-
ring even quicker. 
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Figure 7.21.: The projected 2095 mass balance of Brown Glacier for A.  the  B1 scenario and 
B. the A2 scenario. 

7.7. Conclusions 

Climate has an immediate and direct effect on the annual accumulation and ablation of a tempe-
rate glacier. This change is propagated through the glacier over time before  it  becomes evident 
in the position of the glacier terminus. Air temperature and precipitation are often correla-
ted to glacier fluctuations but other factors such as the mass balance, energy balance, glacier 
geometry and ice dynamics are also important. 

The net balance stake measurements from 2003/04 were used to test the summer degree day 
model. The summer degree day model provided a good fit to the lower glacier net balance va-
lues but underestimated the upper glacier values. The Rohn wind analysis from the temperature, 
wind and relative humidity measurements during 2003/04 indicated that fOhn winds occurred 
for longer durations and at higher frequency on Brown Glacier, which may explain the higher 
measured net balance values on the upper glacier. It is acknowledged that the degree day model 
used in this study can not register the effects of f6hn winds on the net balance. 

The ice thickness and velocity measurements at the BG20, BG25 and BG35 profiles were 
used to derive a mass flux through these cross sections. These mass flux values were used to 
help determine a precipitation gradient on Brown Glacier after several iterations of the mass 
balance model. 
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7. Modelling the past, present and future changes in Brown Glacier 

The net balance values determined from the analysis of the two crevasses (BC1 and SCI) 
were compared to the 2001 annual net balance to ensure that the annual ablation and accumu-
lation estimates on the upper glacier were within reason. 

The ice thickness values were used to calculate an initial shape factor at six location in order 
to determine the central flowline ice thickness. The ice thickness and the velocities, measured 
at all of the net balance stakes during both 2000/01 and 2003/04 field seasons, were also used 
to constrain the sliding factor in both the central flowline ice thickness and velocity profiles. 
The measured surface velocities were also used to constrain the estimated ice thickness where 
the model was unstable, particularly near the terminus and headwall. 

The mass balance model presented here provides a reasonable representation of the present 
Brown Glacier. The model suggests that in 1950 when the glacier was thought to be in steady 
state, both lower temperatures and higher precipitation would be required in order for the gla-
cier to be in steady state. The model also predicts that if temperature continues to rise dramati-
cally over the next 90 years, as predicted in the IPCC Bl and A2 scenarios, Brown Glacier will 
cease to exist. 

If Brown Glacier was to disappear by 2090 it is reasonable to assume that many of the other 
lower glaciers on Heard Island, that do not descend from the summit of Big Ben such as the 
Mary Powell, AU1211, Nares and Fifty-one glaciers, will also disappear. The larger glaciers 
on the island will also be effected by the increase in temperature. Many of these glaciers may 
have retreated to higher elevations. This significant change to the environment on Heard Island 
would result in greater colonisation of plants and animals on the lower and mid-level slopes of 
Heard Island leaving only a snow capped peak above. 

The steady state dynamics model presented in this study may not be the best indicator of the 
ice thickness and velocity on Brown Glacier, especially on the lower glacier. Several assump-
tions and estimates were necessary, especially in the modelled ice thickness values. Future 
work on the dynamics of Brown Glacier would suggest that further integrations of Ruddell's 
model or possibly a development of an alternate model would be a preferable option. 

In the mean time Ruddell's model does give a first estimate of the 2001 upper glacier ice 
thickness and of the 1950 ice thickness and velocity when the glacier was closer to steady state 
as assumed in the model. 
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8. Overview and concluding remarks 

8.1. Summary 

The mass balance of glaciers globally have been studied with increased frequency in the last 50 
years. Temperate glacier, in particular, make excellent climatic indicators because these warm, 
steep sloped, fast flowing glaciers have a quicker response time to climate change than larger, 
cooler ice masses such as those in Antarctica and Greenland. Observations of the fluctuation of 
temperate glaciers worldwide contribute important information for monitoring climate change. 
Changes in these permanent ice covered regions incorporate climatic variations over various 
time scales. Hence glaciers are among the clearest signals of ongoing warming trends existing 
in nature and good visible expressions of climate change (Lemke et al., 2007). 

A combination of aerial photographic surveys, satellite imagery and historical photographs 
has provided information on the changes in the Heard Island glacier size, shape and extent over 
the past —200 years. Due to infrequent visits to the island and incomplete surveys of all regions 
during each visit, the timing of the fluctuations may have some regional errors. The sealers 
and early scientific voyages provided the first observations of Heard Island glaciers. These 
observations indicate that there were only minor fluctuations of the glaciers until 1929. After 
1929, there was a slight recession of the northern, eastern and Laurens Peninsula glaciers and 
a slight thinning of the southwestern glaciers. By the 1960s, the first widespread observations 
were made of the retreat of the northern, Laurens Peninsula and some of eastern glaciers. 
This retreat continued through the 1980s with some regional advances (e. g., Winston Glacier). 
Currently the eastern, northern and Laurens Peninsula glaciers are decreasing in size and now 
there is evidence of additional thinning of the larger glaciers across the island and the retreat of 
the smaller southwestern glaciers. 

This mass balance change observed across the island has been studied in more detail on 
Brown Glacier, on the eastern coast. It is those glaciers on the eastern (leeward) side of the Big 
Ben massif that have been observed to have the most visually dramatic changes in their extent. 

8.1.1. Mass balance surveys 

The aim of this study was to use the results of two field surveys on Brown Glacier to integrate 
into mass balance and dynamics models. These two field surveys have provided more detail on 
the morphology, dynamics and mass balance of Brown Glacier than of any glacier on Heard 
Island. The benefit of having two field seasons means that we are finally getting an idea of the 
longer term changes on Brown Glacier and not just a snap shot of one season from a handful 
of sites. 

The first survey, from the end of October 2000 to mid-January 2001, provided a baseline 
for the most recent changes on Brown Glacier, a glacier which had previously had only been 
observed from photographic evidence. The second survey, from the end of December 2003 to 
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8. Overview and concluding remarks 

mid-February 2004, provided evidence of the short term (approximately three years) changes 
that occurred between the two field season and increased the coverage of the first survey. Re-
sults from these two surveys include the following: 

• The orographic variability caused by the Big Ben massif effects the distribution of tem-
perature, precipitation, and winds across the island. This is highlighted by the differences 
between Atlas Cove and Spit Bay. Atlas Cove tends to have lower temperatures, lower 
measured precipitation, and no Rihn wind events compared to Spit Bay 

• Fohn winds play an important but as yet unquantified role in the mass balance of Heard 
Island glaciers. Fain wind effects have been shown to occur more often at higher eleva-
tions on Brown Glacier then lower elevations 

• Since 1947 the terminus of Brown Glacier has retreated a total of 1.7 km with an average 
retreat rate of 20 m a -1  

• Brown Glacier has thinned by up to —11.7 m on the lower glacier with an average of 
—9.9 m below the BG40 survey stake and —8.5 m on the upper glacier above the BG30 
survey stake 

• A series of net balance stakes and sonic rangers measurements have provided the most 
detailed summer ablation and net balance records on Heard Island 

• A lower elevation lapse rate was calculated for Brown Glacier from the air temperature 
data at AWS1, AWS2 and AWS3. The average lapse rate between AWS1-AWS2 was 
—0.008°C m -I  and between AWS2-AWS3 was —0.003°C m -I  

• The collection of ice cores and crevasse samples on Brown Glacier has provided some 
of the first estimates of the accumulation on the upper glacier, and its variation with 
elevation. Previous precipitation records for sites above sea level have not been available 
on Heard Island 

• The surface velocity survey found that there is a seasonal change in the surface velocity 
measurements. This suggests that geothermal heat, from the active Big Ben volcano, is 
not significant in smoothing the surface velocity 

• Ice thickness measurements were made at six locations on the glaciers, including three 
detailed cross-section profiles 

• DGPS surveys of the Brown Glacier basin and surrounding region and the increased 
availability of satellite imagery over the island, have been used to produce the most 
accurate digital elevation model (DEM) of the Brown Glacier basin 

• The DEM, accumulation-area ratio, and snowline height observations were used to es-
timate an ELA. The ELA of Brown Glacier was estimated as being between 500 and 
600m in 2001 and at 350m in 1950 

• Based on a contour map and surface velocity profiles a more accurate outline of Brown 
Glacier could be mapped, although there are still some uncertainties in the upper margins 

• Bathymetric surveys of all four major lagoon on the eastern coast provided a more detai-
led bedrock topography of these pro-glacial lagoons 
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8.1. Summary 

8.1.2. Mass balance and dynamics models 

The mass balance and dynamics models developed for Brown Glacier used these new data. The 
most valuable data in modelling Brown Glacier was the temperature records. BG AWS pro-
vides the only available annual temperature records above sea level of any of the sub-Antarctic 
islands in the southern Indian Ocean. This annual record is supplemented by the summer tem-
perature records from AWS1, AWS2 and AWS3. These four AWS were used to derive a lapse 
rate for Brown Glacier and to estimate the ablation in a degree day model. In conjunction with 
the sonic ranger net balance measurements that were used to derive a degree day factor. Other 
records that were used included the January precipitation measurements at Brown Hut and the 
annual precipitation measurements at Spit Bay and Atlas Cove. The majority of the remaining 
results from the two field surveys were used to tune the model. 

The mass balance models for Brown Glacier indicate that an increase in temperature of 
0.9° C between 1950 and 2001, and possibly a decrease in precipitation, has resulted in the 
retreat of the glacier. The steady state mass flux for 2001 indicates that if all of the current 
parameters remained constant then the terminus of Brown Glacier will retreat to an elevation 
of 350 m. 

IPCC for 2095 were used to predict the changes that would occur on Brown Glacier if there 
was a further increase of temperature of 1.8 and 3.4° C. In both of these models Brown Glacier 
would cease to exist or possibly retreat to a small, semi-permanent snow field. 

This has similar implications for the other glaciers on Heard Island. Further increases in tem-
perature and a continuation of the decreasing precipitation trends observed on the neighbouring 
sub-Antarctic islands implies that the smaller glaciers on Heard Island would also begin to re-
treat at a more rapid rate over the next 90 years. Glacier such as the Mary Powell, Nares, and 
Deacock that do not originate from the Big Ben Plateau are likely to retreat to elevation above 
—1000 m as1 and the glaciers on the Laurens Peninsula will have disappeared completely. 

These higher temperatures across the islands would likely decrease the variable nature of 
the current observed mass balance for the different sectors of the island. Although based on 
current observations the smaller glaciers on the windward side of the island may not retreat as 
far as the glaciers on the leeward side. An additional mass balance survey of a glacier on one 
of the Southwestern glaciers would allow for a more detailed predication of the mass balance 
changes for this region. 

The larger glacier on Heard Island would also be affected by these changes in climatic condi-
tions. Without a mass balance model for one of these glaciers it is difficult to predict how far 
these glaciers would retreat but it can be assumed that if the smaller glacier have retreated to 
—1000 m as1 then the larger glacier will thin and may retreat to above 500m asl or more. 

This decrease in the glacier coverage on Heard Island would result in the further colonisation 
of bare rock and glacial till by vegetation, mammal and bird species. Thereby increasing the 
biological diversity and populations on the island. 

8.1.3. Regional implications 

Glacier have not only been retreating on Heard Island. More dramatic retreats have been obser- 
ved on the other southern Indian Ocean sub-Antarctic islands (Crozet, Marion and Kerguelen), 
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while glaciers from the other sub-Antarctic islands (e. g., Bouvetoya, South Georgia, and South 
Sandwich islands) have been retreating at less dramatic rates. 

The decrease in glacier extent on these sub-Antarctic islands is linked to the temperature and 
precipitation. The temperature and precipitation records from the meteorological stations in 
the southern Indian Ocean provide a good indication of the regional trends for the last 60 years. 
The increasing temperature measured at all of the stations and in the sea surface temperature 
data shows that, similar to the average global temperature, this region is warming. Measured 
precipitation at these southern Indian Ocean stations indicate that there is a decreasing trend 
in the annual precipitation, although only at Kerguelen and Marion was the trend significant 
(99%). 

This changing climate has resulted in the retreat of the glaciers on all of the sub-Antarctic 
islands in the southern Indian Ocean with the northern-most islands being affected more dra-
matically then the southern islands. Marion, Crozet and Kerguelen, are located to the north 
of the Polar Front, whereas Heard, Bouvetoya, South Georgia and South Sandwich islands are 
south of the Polar Front. The influence of the Polar Front can been seen best by comparing 
the climate on Kerguelen and Heard islands. These two islands are only 440 km apart yet they 
are separated by the Polar Front, which results in a significant difference in the temperatures 
on the two islands, with Kerguelen annual temperatures typically being between 3.7 and 2.1° C 
warmer then Heard Island. The greater change in temperatures for latitude above the Polar 
Front are resulting in the more rapid decrease in glacier coverage than the lower temperatures 
found on islands located to the south of the Polar Front. 

8.2. Conclusions 

An understanding of the natural climate and glacier variability over the last 100 years on Heard 
Island has been hampered by the lack of continuous long term records. Glacier surveys and 
meteorological records for Heard Island are infrequent and sporadic yet they do provide data 
from which a broader understanding of the island's climate and glaciers can be inferred. 

The increase in temperatures and decrease in precipitation on Heard Island has resulted in 
the dramatic retreat of the eastern glaciers. The mass balance of Brown Glacier, which has 
been examined in more detail, has indicated that a —1° C warming since 1950 is likely to be 
the cause of this retreat. Predictions of further increases in temperature results in the glaciers 
on Heard island continuing to retreat to higher elevations. Leaving the island as a snow capped 
peak rather than a mountain that is 70% covered in glaciers. 
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A. Heard Island and its setting 

Al. Discovery of Heard Island 

Heard Island's isolation and persistent cloud cover, together with somewhat primitive 18 th  and 

19th  century navigation and sailing techniques, resulted in the island being discovered by hap-
penstance. In the 1800s, navigation methods included using magnetic compasses, chronome-
ters, quadrants or sextants and leadlines (Hewson, 1983). The use of the sextant was limited 
by the weather. Either the stars, sun or moon must be visible at a known time of the day for 
the calculations to be made. Therefore sailing in the persistent cloud-covered regions of the 
southern Indian Ocean made exact navigation difficult. Despite these limitations to navigation 
methods, it was the winds that were the biggest concern to sailors (Maury, 1851). 

Many early explorers passed near Heard Island without sighting land (e. g., Cook's voyage 
on the HMS Resolution in 1773) (Downes, 2002). On 27 November, 1833 the British sealer, 
Peter Kemp on Magnet marked on his charts 'saw land' and 'sounded in 55 fathoms'. It is 
unclear if this was Heard Island as he did not investigate his sighting any further but continued 
south to the Antarctic Coast (Downes, 2002). In 1849, Thomas Long on the Charles Carroll, 
a sealing vessel (note the difference in spelling from Charles Carol Bluff, a steep bluff on the 
south coast), reported having 'seen land' but again there are no record of the sealers exploiting 
this new, large population of fur and elephant seals. In fact E.D. Rogers, first mate of the 
Charles Carroll, made no mention of seeing the island before following Captain Heard's logs 
to locate the island in 1855 (Downes, 2002). 

Captain John Heard on the Oriental made the first conclusive report of Heard Island's exis-
tence, sighting the island on 25 November, 1853. The first public announcement of Captain 
Heard's discovery was in the Melbourne Argus on 25 December, 1853. The reason that Cap-
tain Heard discovered land where others before him had sailed past was because he was sailing 
from Boston to Melbourne on the newly-promoted 'Composite Great Circle Route' of Matthew 
Maury. Matthew Maury, known as the 'Pathfinder of the Seas' because of his contributions to 
navigation and meteorological charts, proposed that vessels that were heading westward would 
travel more efficiently if they were to sail along 50° S as the winds were stronger and more 
persistent then the 'Calms of the Capricorn' (Maury, 1851). Vessels that followed Maury's 
route were to pass more often and closer to Heard Island than any vessels before them (e. g., 
Samarang, which discovered the McDonald Islands in January 1854, Earl of Eglinton heading 
towards Melbourne in 1854, and Herald of the Morning heading for Port Phillip, Australia in 
1854) on their way to Australia (coinciding with the discovery of gold in Australia). 

Once discovery was announced, sealers soon began to exploit the island. On February 15, 
1855, E.D. Rogers, the captain of an American sealer, the Corinthian, was the first to land on 
Heard Island, at Try Pot Beach (near Atlas Cove) (Downes, 2002). Rogers had become aware 
of Captain Heard's report of Heard Island's existence while working on Kerguelen Island. 

187 



A. Heard Island and its setting 

Captain Rogers returned in March of 1855 to begin sealing operations. Henry Rogers, mate of 
the brig Zoe, lead the first wintering party of 25 men to Heard Island, and was based there from 
the March to October 1856 (Downes, 2002). 

A.2. A history of exploration 

Heard Island has been intermittently occupied by sealers, whalers and scientists for the past 
150 years (Table A.1). American sealers occupied the island through a peak sealing period 
between 1855 and 1880 (Figure A.1A). By 1880, most of the elephant and Antarctic fur seal 
population had been depleted, resulting in sealing operations becoming sporadic until ending 
completely in 1927. As the sealers were beginning to leave, whalers made an attempt to use 
Heard Island, starting in 1900, as a base for operations. After little success they also abandoned 
the island by 1927. 

The first scientific expedition to reach Heard Island arrived on the HMS Challenger in 1873. 
This scientific voyage landed at Corinthian Bay, on 6 February, for one day of observations 
on the northwestern end of the island and to collect geological and botanical samples (Mosley, 
1885; Thomson and Murrary, 1885). The Challenger visit to the island was short due to an 
incoming storm. The ship set sail on 7 February. 

The Deutsche Siidpolar-Expedition aboard the Gauss visited Atlas Cove in 1902 (Downes, 
2002). Ten men went ashore at Corinthian Bay to collect and archive the western Heard Island's 
geology, flora and fauna (Drygalski, 1931). The men stayed ashore for one day and returned to 
the ship with the falling light to set sail the next day due to deteriorating weather conditions. 

In 1929, Edgar and Andree Aubert de la Rue (believed to be the first woman ashore) vi-
sited the island, via the whaling ship Kildalkey. On 15 January they arrived at Heard Island 
from Kerguelen Island. They found that the seas were too rough to land at Spit Bay therefore 
disembarked on a beach on the eastern shores of Atlas Cove. From 15 to 22 January 1929 
they engaged in eight days traversing the Atlas Cove region making geologic observations and 
collecting rock samples (Aubert de la Rue, 1929) while the Kildalkey harvested the near by 
waters. 

In November 1929, the RRS Discovery under the leadership of Sir Douglas Mawson called 
into Heard Island, from Cape Town en route to Antarctica (Figure A.1B). Mawson was the lea-
der of BANZARE (the British, Australian, and New Zealand Antarctic Research Expedition), 
and spent seven days making geological and biological observations and temperature measu-
rements (Veenstra and Manning, 1982) with eight other scientific staff. A hut was built during 
this time as a refuge for stranded sailors, the remains of which are still being battered by the 
winds and sand at Atlas Cove (Figure A.1C). 
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A.2. A history of exploration 

Table A.1.: A list of the sealing, science and climbing expeditions and voyages to Heard Island 
over the past 150 years that are referred to in this study (for a full list see Appendix A.3) 
(Chown, 2003) 

Expedition/Visitor 	 Period of Date and purpose of visit 
visit 
variable 

variable 
1 day 
1 day 
8 days 
7 days 

7 years 

1 day 
1 day 
1 day 
6 weeks 
1 month 

7 days 
2 months 
1 year 

42 days 

3 days 
17 days 

1 month 

10 days 

1 day 
2 months 

2 months 

6 months 

2 months 
1 year 

1 month 

1 day 
16 days 
5 months 
2 months 

American Sealers 

Whalers 
HMS Challenger voyage 
Deutsche Sfidpolar-Expedition 
Kildalkey 
BANZARE 

ANARE 

ANARE 
ANARE 
ANARE 
ANARE 
South Indian Ocean Expedition 

ANARE 
US Satellite Triangulation Team 
USCOC, US Coast and Geodetic 
Survey Team 
French-Australian Expedition 

Damien 
1980 Heard Island Expedition 
(National Mapping Expedition) 
1983 Heard Island Expedition 
(Project Blizzard) 
The Heard Island DX Association 
Expedition (Cheynes II) 
Nella Dan 
ANARE 

ANARE 

ANARE 

ANARE 
ANARE 

Cordell Heard Island Expedition 

Aurora Australis 
Army Alpine Association 
ANARE 
ANARE 

1855-1880, peak period of operations; 1880-1927, sporadic operations 
continued 
Early 1900's until 1927 
1873, collected geologic and botanical samples 
1902, comprehensive collection of geology, flora and fauna 
1929, geologic sampling 
1929, geological and biological observations and temperature measu-
rements 
1947-55, seven years uninterrupted meteorological, geophysical obser-
vations, topographical, geological, glaciological and biological sam-
pling 
1956, vessel stopped homeward bound from Mawson 
1958, vessel stopped homeward bound from Mawson 
1960, vessel stopped homeward bound from Mawson 
1963, first attempt to climb Mawson Peak; geophysical observations 
1965, first successful attempt of Mawson Peak, first observations of 
summit 
1969, glaciological and biological survey from Spit Bay to Red Island 
1969, photograph satellites 
1969-70, mapping, glaciological and biological survey from Spit Bay 
to Red Island 
1971, coupled magnetic phenomena research, aurora and geophysical 
observations and glaciology 
1972, French yacht 
1980, bathymetric, aerial photography, mapping, magnetic, botanical, 
zoological and geological surveying 
1983, glaciological, geological, meteorological, botanical and zoologi-
cal surveys, amateur radio contacts and a successful summit attempt 
1983, biological, geological, and botanical surveys, amateur radio 
contacts and an unsuccessful summit attempt 
1983, vessel stopped en route to Mawson and Davis Stations 
1985, biological, meteorological, geophysical, glaciological and map-
ping surveys 
1986, geological, glaciological, botanical, ornithological, seismologi-
cal, upper atmosphere and archaeological surveys 
1987, biological, glaciological, hydrological and meteorological sur-
veys 
1990, glaciological, biological and archaeological surveys 
1992, glaciological, geological, biological, meteorological observa-
tions and mapping surveys (winter season) 
1997, setting an amateur radio operation record and vegetation distri-
bution observations 
1997, deploying tide gauge and an automatic weather station 
2000, Mawson Peak climbing party 
2000, zoological, botanical, glaciological and archaeological surveys 
2004, zoological, botanical and glaciological surveys 
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A. Heard Island and its setting 

On 11 December 1947, the HMAS Labuan arrived at Heard Island and established the first 
research station at Atlas Cove by ANARE (Australian National Antarctic Research Expedi-
tions) (Figure A. 1D). This expedition was initially intended to establish sovereignty and main-
tain requirements pertinent to the 'exchange of note' through which Australia assumed res-
ponsibility for Heard Island in 1950 from the British (Keage, 1981). The Atlas Cove station 
was continuously occupied until March 1955 (Figure A.1E). During this period, ANARE re-
corded seven years of uninterrupted observations in meteorology and geophysics and provided 
the first comprehensive record of most of the island's topography, geology, glaciology and bio-
logy (e.g., Shaw, 1955; Dalzeil, 1955; Garrick, 1955; Chittleborough, 1956) (Figure A.1F). 
Eventually it was necessary to close the station due to funding constraints when an Australian 
continental Antarctic station, Mawson, was constructed. Between 1955 and 1963, several visits 
of a few hours duration were made to the Atlas Cove station by ANARE vessels returning from 
the Australian Antarctic stations of Davis and Mawson (Table A.1). 

In 1963, six ANARE expeditioners spent six weeks on the island (Budd, 1964a) (Table A.1). 
A first attempt was made to climb Big Ben by a three man party from Long Beach (Budd, 
1964a). The attempt was unsuccessful, with the climbing party abandoning their tent on the 
summit plateau. Once the summit party returned to Long Beach they traversed the southern 
coast towards Spit Bay. After a few days of observations the party continued along the north 
coast to Atlas Cove recording changes in the glaciers. Members of the party that were not 
involved in the summit attempt were occupied with geophysical research (Irving et al., 1965) 
and penguin, sheathbill, giant petrel, and elephant seal population surveys. 

In 1965, a private expedition (the South Indian Ocean Expedition) visited the island, landing 
at Gilchrist Beach (Table A.] ). The five man shore party completed the first successful clim-
bing attempt of Mawson Peak. Storms prevented them from making summit observations as 
planned. Instead the team retreated back down the mountain to survey South Barrier, collect 
soil, plant and insect samples, census fur and elephant seal and king penguin populations and 
photograph the glaciers (Budd, 1965). 

Between March 1969 and April 1970, the United States Coast and Geodetic Survey (USCGS) 
TOPOCOM expedition, spent a year at Atlas Cove (Table A.1). During deployment of the 
Americans, three ANARE expeditioners recorded changes in the glaciers and fur seals and 
king penguins population since 1965. The ANARE party landed on 11 March and walked from 
Saddle Point to Spit Bay returning to disembark from the island on the 17 March (Budd, 1970). 
The Americans established a survey station at Atlas Cove, which operated until 19 April 1970 
as part of the PAGEOS programme of satellite observations to determine the geodetic shape of 
the Earth (Headland, 1989). In November 1969, the six man wintering party was relieved by a 
summer party of USCGS expeditioners on the MV Nella Dan. They then attempted a survey 
of the northern coast from Red Island to Spit Bay (Heard Island Visitors logbook). 

25 January to 9 March 1971, a French-Australian expedition conducted research at Atlas 
Cove concentrating on coupled magnetic phenomena, geophysical, and auroral observations in 
conjunction with studies at Kerguelen Island and stations in the USSR and Antarctica (Table 
A.1). In addition to the geophysical investigations, mass balance measurements of one of the 
Heard Island glaciers (Vahsel Glacier) were made (Allison, 1980) and biological surveys were 
undertaken (Veenstra and Manning, 1982). In 1972 the first record of a purely tourist visit was 
made to the island by the French yacht Damien (Table A.1). 
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A.2. A history of exploration 

Figure A.1.: Historical photos from the Atlas Cove region. A) Sealers grave, B) "Battlefields 
of mist", Discovery about to drop anchor in Corinthian Bay, National Library of Australia 
(NLA) #an10932811-11, C) BANZARE established this Norwegian designed hut on Heard 
Island in 1929, NLA #an10932811-9, D) "First party ashore at Atlas Cove, Heard Island, 
Antarctica 1947", NLA #vn3765860-v, E) "A young red polled bull" bought ashore for stores, 
NLA #vn3765888-v, F) "Chief surveyor Bob Dovers views a cold morning after a night on the 
Jacka Glacier, Heard Island, 1948", G) Atlas Cove station 1955, NLA #vn3765989, and H) 
Remains of Atlas Cove station, 2004. Photo credits: G. Newman, E Hurley 1929, F. Hurley 
1929, D. Eastman 1948, G. Lowe 1955, A. Campbell-Drury 1948, G. Lowe 1955, and S. 
Donoghue, 2004. 

In the 1980s there was an increasing number of visits. In 1980 the Australian Division of 
National Mapping, the Bureau of Mineral Resources, Geology and Geophysics and Australian 
Antarctic Division (AAD) expeditioners conducted programs on McDonald Island Group and 
Heard Island (Table A.1). The expedition recorded the first landing by sea on McDonald Is-
land and the first landing by helicopter on Flat Island. The main goal of the National Mapping 
program was to carry out topographic surveys of the islands and bathymetric surveys of the 
surrounding offshore areas (Johnstone, 1981). The Bureau of Mineral Resources, Geology and 
Geophysics undertook magnetic surveys to define the extent and thickness  of  any sedimentary 
basins in order to determine the magnetic anomaly pattern over the deep ocean basins adjacent 
to the Kerguelen Plateau (Tilbury, 1981). Helicopters were used to complete a four day aerial 
photographic survey of the entire Heard Island coastline, which in combination with the topo-
graphical surveys greatly improved the maps of the island. The Expedition collected rocks, for 
geochemical strontium (Sr) isotope and potassium-argon (K-Ar) dating (Tilbury, 1981; Quilty 
and Wheller, 2000), plants (including mosses and lichens), dead birds and bones. They also 
erected an automatic weather station (AWS) at Atlas Cove and completed the first compre-
hensive biological and geological surveys of McDonald Island (Johnstone, 1981; Heard Island 
Visitors logbook). 

In January 1983, the Anaconda ll-based private Heard Island Expedition (Project Blizzard) 
spent one month on Heard Island attempting to summit Mawson Peak (Hendy, 1983) (Table 
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A. Heard Island and its setting 

A.1). In addition to their successful summit ascent, the members of the expedition collected 
geological samples of isotopic and petrological data, made volcanic observations (Quilty and 
Wheller, 2000) and conducted glaciological, meteorological, botanical and zoological studies 
(Vining, 1983; Hendy, 1983; Heard Island Visitors logbook). They also made radio contact 
with over 30,000 radio stations around the world from Atlas Cove. While Project Blizzard 
was on the island another ship the Cheynes II (The Heard Island DX Association Expedition) 
arrived at Atlas Cove for 10 days of biological, geological, and botanical sampling, and whom 
also made amateur radio contacts to stations around the world. The Heard Island DX Associa-
tion Expedition also landed four mountaineers on the southern coast for an attempt to climb 
Mawson Peak, which was unsuccessful due to inclement weather. 

The summer of 1985 was the first of three consecutive years of summer research on Heard 
Island. In September 1985, ANARE landed on Heard Island from the MV Nella Dan with the 
goal of completing an elephant seal census (Table A.1). In addition to the seal survey, the four 
expeditioners at Spit, and ten expeditioners at Atlas Cove recorded fauna and flora community 
distribution, engaged in meteorological observations, geophysics, surveying and glaciology 
(Burton and Williams, 1985). The 1986/87 summer season's initial objective was geological 
(due to the recent eruption on Big Ben in January of 1985) but this was later expanded to include 
biological and archaeological studies (Ledingham, 1987b) (Table A.1). Geological mapping 
was completed of the whole island where access was not too dangerous (Ledingham, 1987b). 
Vegetation mapping of mosses and succession studies of coastal botany were conducted (Scott, 
1987). A resurvey was carried out of the elephant seals that were tagged during the 1985 
season. Biological studies also predominated in the study's final summer of 1987/88 with a 
focus on bird and seal populations, a continuing vegetation survey and the installation of an 
AWS (Kirkwood et al., 1989) (Table A.1). 

In May/June 1990, an ANARE marine science voyage (RN Aurora Australis) stopped by 
Heard Island, at Atlas Cove and Spit Bay to complete some glaciological, biological, archaeo-
logical work and deploy a meteorological buoy ashore (Green, 1990) (Table A.1). The ANARE 
winter expedition of 1992 was the first wintering party based at Spit Bay. During the 13 months 
that the five men were stationed at Spit Bay, glaciological, geological, biological, meteorolo-
gical observations and mapping surveys were accomplished (Green, 1993a,b). In 1997, the 
Cordell Heard Island Expedition spent a summer attempting to set a radio operating record 
and also reporting on vegetation distribution (www cordell. org/htdocs/HI/,  20 May 2004) 
(Table A.1). The Aurora Australis visited Heard again in March, 1997 to deploy a tide gauge 
and AWSs at Spit Bay and Atlas Cove (Table A.1). 

At the beginning of 2000, an Australian Army Alpine Association climbing party success-
fully climbed Mawson Peak from Atlas Cove (Table A.1). The following November to March 
ANARE conducted glaciological, biological and archaeological studies and an initial clean up 
of the historical Atlas Cove station (Truffer et al., 2001; Marshall and Chown, 2002; Beggs 
et al., 2004) (Table A.1). From December 2003 to February 2004, predator-prey surveys were 
made of fur seals, penguins and albatrosses, in addition to vegetation and glaciological surveys 
(Clifton, 2004) (Table A.1). 
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Expedition Year Date Ship Objective Area Resident 

time 

Source 

1874 A rkona Explore Heard Island establish station at Iles 

Kerguelen 

(Chown, 2003) 

1874 Feb HMS 

Challenger 

Geological and biological collections Corinthian Bay 1 day (Mosley, 1877) 

Deutsche 

Siidpolar- 

Expedition 

1902 Feb Gauss E. von Drygalski stopped by Heard Island on 

way to Antarctica from Kerguelen arriving 

on the 3 February and completing the first 

comprehensive observations of geology, 

flora and fauna 

1 day (Drygalski, 1931; Ludecke, 2003; 

Law and Burnstall, 1953) 

1929 Jan Kildalky E. Auben de la Rue, geology of island, first 

woman to land on island 

Atlas Cove 8 days (Aubert de la Rue, 1929) 

BANZARE 1929 Nov RRS Discovery D. Mawson collected geological and 

meteorological observations 

7 days (Law and Bumstall, 1953) 

ANARE 1947-55 HMSAS Labuan 

and others 

Building and continuous occupation of the 

Atlas Cove station. Provided the most 

complete record of topography, geology, 

biology, glaciology, meteorology and 

geophysics to date. 

Atlas Cove 7 years 3 

months 

(Law and Bumstall, 1953; Shaw, 

1955; Dalzeil, 1955) 

1947 Commandant 

Charcot 

Short visit by the French en route to 

Antarctica. 

Atlas Cove (Chown, 2003) 

ANARE 1963 Jan- Feb MV Nella Dan Five-man summit attempt on Mawson Peak. 

Geological, biological and meteorological 

studies undertaken. 

Spit Bay, Long Beach, 

Atlas Cove 

6 weeks (Budd, 1964b,a) 
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Expedition Year Date Ship Objective Area Resident 

time 

Source 

South Indian 

Ocean 

Expedition 

1965 Jan Paianela Private expedition. First successful attempt of Mawson 

Peak. Biological and glaciological investigations. 

Visited McDonald Island but did not land. 

Atlas Cove, Spit Bay, 

Capsize Beach 

1 month (Headland, 1989) 

ANARE 1968 Nov MV Nella Dan Science Atlas Cove (Chown, 2003) 

ANARE 1969 Mar USCG 

Southwind 

Recorded changes in glaciers and populations of fur 

seals and king penguins. 

Spit Bay, Atlas Cove 7 days (Budd, 1970) 

US Coast and 

Geodetic Survey 

1969-70 USCG 

Southwind MV 

Nella Dan,USS 

Columbia Hawk 

Wintering expedition established a survey stations as 

part of the Pageos satellite geodetic programme. 

Atlas Cove 13 months (Headland. 1989; Heard Island 

Visitors logbook) 

French and 

Australian 

Expedition 

1971 MV Nella Dan, 

MV Gallieni 

Conducted geophysical and glaciological investigations. 

Landing made on McDonald Island 

Atlas Cove, 

McDonald Is 

6 weeks (Allison, 1980; Headland, 1989) 

— 1972 Jan Damien Private yacht Atlas Cove 3 days (Heard Island Visitors logbook) 

1980 expedition 

to Heard and 

McDonald Is. 

1980 Mar MV Cape Pillar First landing of McDonald Is. by sea, first helicopter 

landing on Flat Is, hydrography survey of Atlas Cove, 

mapping of the island 

McDonald Is., Atlas 

Cove 

16 days (Johnstone, 1981; Tilbury, 1981; 

Veenstra and Manning, 1982) 

Heard Island 

Expedition 

1983 Jan Anaconda!! Private expedition. Second ascent of Mawson Peak, 

Ham radio operations at Atlas Cove, first recorded 

landing on Shag Island, glaciological and biological 

observations 

Atlas Cove, Skua 

Beach 

1 month (Hendy, 1983; Headland, 1989) 

1983 Heard 

Island DX 

Association 

Expedition 

1983 Feb Cheynes II Private expedition. Unsuccessful attempt on Mawson 

Peak, amateur radio operations and biological 

collections 

Atlas Cove 11 days (Headland, 1989) 



Expedition Year Date Ship Objective Area Resident 

time 

Source 

ANARE 1985 Sept MV Netla Dan, 

MV lcebird 

Elephant seal census, mapping and distribution of 

plants, meteorological measurements, and 

measurements of absolute magnetic values. 

Spit Bay, Atlas Cove 8 weeks (Heard Island Visitors logbook) 

ANARE 1986-87 Nov-Jan MV Nella Dan Geological, biological, glaciological, geophysical and 

archaeological studies. 

Atlas Cove, Spit Bay 10 weeks (Ledingham, I987a,b; Scott, 

1987) 

ANARE 1987 Oct-Mar MV Nella Dan, 

MV kehird, 

MV Lady 

Franklin 

Emphasis on biological studies. Spit Bay, Atlas Cove 7 months (Kirkwood, 1989) 

ANARE 1990 May-Jun RSV Aurora 

Australis 

Conducted some glaciological, biological and 

archaeological work and deployed a meteorological 

buoy ashore. 

Atlas Cove, Spit Bay I month (Green, 1990) 

ANARE 1992-93 MV lcehird Wintering expedition. Biological, meteorological and 

glaciolical work was conducted 

Spit Bay 14 months (Green, I993a,b) 

ANARE 1997 Mar RSV Aurora 

Australis 

Deployment of AWS buoys Atlas Cove, Spit Bay I day (Heard Island Visitors logbook; 

Chown, 2003) 

ANARE 2000-01 Oct-Mar MV Polar Bird, 

RSV Aurora 

Australis, FV 

Southern 

Champion 

Biological, glaciological, vegetation and archaeological 

surveys 

Atlas Cove, Spit Bay, 

Sooty Valley, Brown 

Glacier 

5 months (Truffer et al., 2001) 

ANARE 2003-04 Dec-Feb Southern 

Supporter 

Predator-prey, vegetation and glaciological surveys Jacka Valley, Spit 

Bay, Capsize Beach, 

Sooty Valley, Brown 

Glacier 

2 months (Clifton, 2004) 
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A. Heard Island and its setting 

A.4. Heard Island glaciers 

Ruddell (2006) provides an inventory of all of 32 glacier basins on Heard Island, including three 
that no longer contain a glacier (non-glacierised basin (NGB)). Ruddell (2006) used the World 
Glacier Monitoring Service (WGMS) nomenclature to label all of the Heard Island glaciers. 
The prefix 'AU' refers to Australian territory. The first digit refers to the mountain massif (i. e., 
1 for Big Ben and 2 for Laurens Peninsula). The second and third numbers refer to the basin 
(or glacier) number. The fourth digit refers to the glacier terminus number. The larger glaciers 
are still referred to by their official name (the majority of which are named after early ANARE 
expeditioners) rather than a WGMS number, whereas the more recently labelled glaciers are 
referred to by their WGMS number. There are several glacier basins that have two termini. 
In the past these has been assumed to be two separate glaciers but Ruddell (2006) shows that 
these have accumulation areas that are indistinguishable from each other. Examples include the 
Baudissin and Schmidt glaciers and the Allison and Vahsel glaciers. In these cases the glacier 
basin should be referred to by the name of the glacier that has the highest elevation in the 
inventory. But in this study these divergent terminating glaciers are still referred to separately 
due to the variable nature of their individual termini. 

WGMS No. No. Glacier name Orientation Elevations 

Max. 

(m asp 

Min. 

Length 

(km) 

Area 

(km2 ) 

Volume 

(km3 ) Accum. area Ablation area 

BIG BEN 

AU1011 1 Schmidt NW NW 2300 200 7.90 

AU1012 Baudissin NW NW 2300 0 8.42 15.80 0.874 

AU1021 2 Nares NNW NNW 850 150 2.76 1.80 0.076 

AU1032 3 Challenger N NNW 2300 0 7.19 7.39 0.372 

AU1041 4 Un-named N NNW 850 350 1.69 0.40 0.014 

AU1051 5 Mary Powell N N 1075 65 3.71 2.42 0.106 

AU1061 6 Downes NNE NNW 2360 0 8.46 16.66 0.928 

AU1062 NNE NNE 2360 0 8.13 

AU1071 7 Ealey NNE NNW 2320 0 8.12 21.37 1.228 

AU1072 NNE NE 2320 0 8.03 

AUI08 8 NGB NE NE 

AU 1091 9 Compton NE NE 2320 0 6.21 14.84 0.82 

AU1092 NE NE 2320 0 6.79 

AU1093 " NE NE 2320 0 2.02 

AU110 10 NGB ENE ENE 

AU1111 II Brown NE NE 1250 10 5.54 4.27 0.201 

AU1121 12 un-named ENE E 1200 150 4.73 3.02 0.136 

AU1131 13 Stephenson E ENE 2270 0 10.19 20.41 1.166 

AU1132 E SE 2270 0 12.02 

AU1141 14 un-named SE SE 1550 5 6.35 6.86 0.342 

AUI151 15 Winston SE SE 2270 0 8.01 15.86 0.878 

AU1152 SE SE 2270 0 8.08 

AU116 16 NGB SE SE 

AU1171 17 Fiftyone SSE s 2270 5 9.21 23.68 1.378 
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A.4. Heard Island glaciers 

WGMS No. No. Glacier name 

Accum. area 

Orientation 

Ablation area 

Elevations 

Max. 

(m asl) 

Min. 

Length 

(km) 

Area 

(km2 ) 

Volume 

(km3 ) 

AU1172 un-named SE SSW 1100 150 3.77 

AUI 181 18 Deacock S S 1110 160 2.90 2.77 0.124 

AU1191 19 un-named SW SSW 1110 290 2.83 1.33 0.054 

AUI201 20 Gotley SW SW 2750 0 13.20 27.43 1.625 

AUI211 21 un-named SSW SW 2750 5 7.93 7.51 0.379 

AU1221 22 Lied SW WSW 2750 0 8.18 15.49 0.855 

AUI231 23 Abbotsmith WSW WSW 2750 0 8.48 22.67 1.312 

AU1232 WSW W 2750 0 8.44 

AUI241 24 Allison WNW WSW 2360 5 8.23 

AUI242 Vahsel WNW WNW 2360 5 8.99 18.39 1.037 

Sub-total for Big Ben 250.4 13.9 

LAURENS 

PENIN- 

SULA 

AU201 1 un-named NE NE 500 250 1.20 0.71 0.027 

AU2021 2 Jacka NE NE 500 150 2.24 2.53 0.112 

AU2031 3 un-named N N 550 300 0.70 0.18 0.006 

AU2032 un-named N NE 550 230 0.94 

AU2041 4 un-named NE NE 450 220 0.60 0.26 0.008 

AU2042 un-named NE NE 450 220 0.60 

AU205 5 un-named S S 550 250 0.60 0.70 0.026 

AU2061 6 un-named S S 500 200 1.20 0.86 0.033 

AU2071 7 un-named NE NE 500 250 0.72 0.51 0.018 

AU2081 8 un-named N N 500 250 0.97 0.77 0.029 

Sub-total for Lauren's Peninsula 6.5 0.3 

Total for Heard Island 256.9 14.2 
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B. Glacier coverage of the sub-Antarctic 

islands 

B.1. Photographic sequence of the retreat of Heard 

Island's glaciers 

A sequence of several Heard Island glaciers (Jacka, Stephenson and Compton) were compiled 
to illustrate the changes in the glaciers from the early 1900s to 2004. It should be noted that 
many of these photographs were taken on an opportunistic basis therefore are not from the same 
vantage point. Prominent features are highlighted in most sequence to help with orientation and 
identification of changes in the glacier front or outline. 

B.1.1. Compton Glacier 

A photographic sequence of the retreat of Compton Glacier (3). The yellow outline in each 
picture shows that change in an exposed rock outcrop that initially was in the accumulation area 
of the glacier and eventually acted as a topographic barrier around which  the  two termini of 
Compton Glacier flowed. Photo credits: 1947-Photo 629 by RAAF, 1971-AAD Photo 21775, 
2004 by M. Truffer. 
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2004 

B. Glacier coverage of the sub-Antarctic islands 

B.1.2. Jacka Glacier 

A photo sequence  of  the  retreat  of Jacka Glacier (5), located on the northeast coast of the 

Laurens Peninsula, from 1929-2004. These photos show that Jacka Glacier until 1963 reached 

the the coast. By 1971 the glacier had begun to retreat up  the  slope. This retreat was observed to 

continue to 1986 and by 2004 the glacier had retreated back to the ice cap that it had originated 

from. Photo credits: 1929, de la Rue; 1963, P. Law;  1971,  AAD photo collection; 1986, J. 

Scott; and 2004, S. Donoghue. 
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1986 

2004  =" 

B.1. Photographic sequence of the retreat of Heard Island's glaciers 

1971 

B.1.3. Stephenson Glacier 

A photographic sequence of the retreat of Stephenson Glacier from 1947 to 2004 (6). The 
changes in lagoon size are highlighted in yellow. In 1947 both the northern and southern termini 
reached the sea in ice cliffs. By 1963 a lagoon had begun to form as the northern terminus began 
to retreat. In 1980 the glacier became more debris covered and retreat continued of the northern 
and southern (not pictured) termini. In 1986 the glacier had continued to retreat and large ice 
bergs can be seen in the lagoon. In 2004 the glacier termini had retreated further and the glacier 
had thinned (2004-A this photo is a better comparison with the 1947 aerial photograph with 'A' 
marking the same rock outcrop in both images). Now the lagoons are connected by a narrow 
waterway (2004-B). Photo credits: 1947-Photo 631, RAAF; 1963-ANARE Photo 12594, P.J. 
Stephenson; 1980-AAD Photo 9495-14; 1986, J. Scott; and 2004A and B, S. Donoghue. 
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B.2. Satellite images of eastern Heard Island 

B.2. Satellite images of eastern Heard Island 

Two satellite images, first is a Digital Globe Multi Spectral (or Quickbird) Image acquired in 
January 2003 and second is a Digital Globe Multi Spectral (or Quickbird) Image acquired in 
January 2006 (AAD Data Centre map numbers 13275 and 13029), showing the changes in 
Brown, Compton, Stephenson and Winston glaciers. The third image highlights the Compton, 
Brown, Stephenson and Winston glacier's front changes between 2003 and 2006, as determined 
from a comparison between the two images. 

The change in glacer area was calculated by overlaying the two satellite images, then tracing 
the outline of the terminus in both images, and finally, the number of pixels contained within 
the outline was converted to metres providing an estimate of the area change in the terminus. 
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C. Sub-Antarctic meteorological records 

C.1. Marion Island precipitation and temperature records 

A digital copy of the monthly temperature and precipitation data for Marion Island is provided 
on the CD attached to the back cover. Meteorological records were supplied by the South 
African Weather Service. 

C.2. Heard Island meteorological records 

A digital copy of all of the meteorological records for Heard Island that are used in this study 
can be found on the CD attached to the back cover. 

C.3. New Amsterdam precipitation and temperature 

records 

A digital copy of the monthly temperature and precipitation data for New Amsterdam Island is 
provided on the CD attached to the back cover. Meteorological records were supplied by the 
Antarctic READER website, LEGOS, and Meteo-France. 

C.4. Crozet Island precipitation and temperature records 

A digital copy of the monthly temperature and precipitation data for Crozet Island is provided 
on the CD attached to the back cover. Meteorological records were supplied by the Antarctic 
READER website, LEGOS, and Meteo-France. 

C.5. Kerguelen Island precipitation and temperature 

records 

A digital copy of the monthly temperature and precipitation data for Kerguelen Island is pro-
vided on the CD attached to the back cover. Meteorological records were supplied by the 
Antarctic READER website, LEGOS, Y. Frenot (pers.com .) and Meteo-France. 
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C. Sub-Antarctic meteorological records 

Location of AWS and  coastal  meteorol ogi cal  stations 
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T-TEC 
(temp and RH) 

DOPPLER HILL 

BROWN HUT 

Rain guage 

C.6. Location of AWS and coastal meteorological stations 
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D. Morphology, dynamics and mass 

balance 

0.1. Net balance stake measurements 

D.1.1. Net balance data for both field seasons 

All net balance data is presented in metres. The first two pages are the 2000/01 data. The 
following three pages are the 2003/04 data (horizontal tables). 

Elevation (m asl) 1063 966 867 867 755 678 588 496 412 302 188 

Date/ Site BG05 BGIO 13G15 13G15 13G20 BG25 13G30 EIG35 BG40 BG45 BG50 

23-Oct-00 0 0 

24-Oct-00 

25-Oct-00 0.055 0 0 0 0 

26-Oct-00 

27-Oct-00 0 0 0 0 -0.086 -0.025 0.006 -0.058 0 -0.009 

28-Oct-00 -0.049 

29-Oct-00 0.006 

30-Oct-00 0.001 

31-Oct-00 0.048 

1-Nov-00 

2-Nov-00 0.166 

3-Nov-00 0.375 0.375 

4-Nov-00 

5-Nov-00 

6-Nov-00 0.368 

7-Nov-00 0.226 -0.158 0.275 0.009 

8-Nov-00 

9-Nov-00 0.38 0.06 0.3 0.277 -0.055 -0.161 0.065 0.201 

10-Nov-00 

1 1 -Nov-00 

12-Nov-00 

13-Nov-00 

14-Nov-00 

15-Nov-00 

16-Nov-00 
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D. Morphology, dynamics and mass balance 

Elevation (m as1) 1063 966 867 867 755 678 588 496 412 302 188 

17-Nov-00 

18-Nov-00 

19-Nov-00 0.37 

20-Nov-00 0.395 0.63 0.502 0.225 0.154 0.54 0.526 

21-Nov-00 0.375 0.325 0.452 0.5 0.521 0.152 

22-Nov-00 0.358 0.094 

23-Nov-00 

24-Nov-00 

25-Nov-00 0.431 

12-Jan-01 0.15 0.28 0.38 0.182 0.04 -0.071 0.305 0.361 -0.378 -0.87 

Total net balance (m) 0.905 1.06 1.685 1.788 0.21 -0.164 1.44 2.861 -0.442 0.133 0.045 
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Date 0005 00052 110101 0010 0(1)51 BGI5 110152 00201 0020 130202 110251 110252 11025 11025.3 110254 13(1255 110256 11G257 110258 110301 11G30 11035 11(140 11045 11050 

Elevation 

On as!) 

1030 1034 972 955 851 866 871 756 752 779 682 684 673 678 682 703 705 715 715 580 582 492 407 296 179 

21-Dec-03 

22-Dec-03 

23-Dec-03 0.03 -0.03 4102 -0003 -0.02 -0.03 

24-Dec-03 

25-Dec-03 

26-Dec-03 -0.005 0.16 

27-Dec-03 40.13 40.15 0 40.135 

28-Dec403 -0.125 -0.36 40.19 -11.33 

29-Dec-03 

30-Dec-03 41303 

31-Dec-03 

1-Jan-04 

2-Jan-04 41.19 4).21 -0.21 

3-Jan-04 

4-Jan-04 

5 -Jan-04 -0.2 

6-Jan-04 

7-Jan-04 

8-Jan-04 

9-Jan-04 40.665 41.97 -11)95 -11)4 -11175 -1.15 -1.15 -11175 41.96 -0.69 -1.065 -0.73 -1.105 

10-Jan414 -1.11 -1.37 -1.165 -1.195 40.77 -0.46 

11-Jan-04 

12-Jan-04 

SJ
UO

UI
A

M
S

E
O

LU
 M
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I  1
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1
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D
. M

orphology, dynam
ics and m

ass balance 

Date 8605 116052 86101 11610 116151 8615 86152 136201 8620 86202 86251 116252 8625 116253 116254 116255 116256 116257 116258 116301 11630 11635 8640 8645 11650 

13-Jan-04 -0.34 41.25 41.3 -0.33 -0.4 -0.37 -0.49 41.37 -0.33 41.265 -0.42 -0.035 41.44 -0.31 -0.41 -0.165 -0.245 -0.175 -0.135 -0.07 

14-Jan-04 -0.04 0 0 -0.02 -0.06 -002 

15-Jan-04 

16-Jan-04 

17-Jan-04 

18-Jan-04 -0.67 

19-Jan-04 

20-Jan-04 -0.72 -0.965 -0.94 -0.64 -0.61 -0.265 

21-Jan-04 

22-Jan-04 0.205 0.305 0.085 0.01 0.04 -0.065 

23 -Jan-) /4 

24-Jan-04 

25-Jan-04 4).77 -0.67 -0.87 -084 

26 -Jan -04 -0.56 -0.375 -0.595 -0.72 -0.605 -0.74 -0.005 -0.75 -0.81 -0.68 -0.52 -0.65 4/.783 -0.58 -0.71 -0.59 0.04 4 /.42 

27-Jan-04 

28 -Jan -04 0.01 0 -0.01 008 006 02 0.03 0.24 0 012 0.13 

29-Jan-04 

30-Jan-04 

31-Jan-04 -0.12 

1-Feb-04 0.15 0.033 0.045 -001 4/.03 40.07 0.2 0.01 	' 41.11 411(55 -0407 1/.115 0.03 

2-Feb-04 .0.05 -0.475 

3-Feh-04 

4-Feh414 -0.155 

5-Feb-04 -0.19 

6-Feb-04 -04075 -0.215 -0.6 40.5 



Date 0005 06052 06101 0010 00151 8015 00152 00201 13020 00202 0(1251 06252 0025 06253 00254 06255 06256 06257 80258 0(1301 0(13)) 8035 8040 8045 8050 

7-Feb-04 

8-Feb-04 

9-Feb-04 -0.435 -0.44 -0.365 -0465 -0.49 -0.515 -0.53 -0.25 -0.42 -0 A55 -1/43 -0.365 -0.11 

10-Feb-04 

11-Feb-04 0.14 -0.01 -0.12 -0.02 

12-Feb-16 -0.065 -0.39 -0.215 -0.165 -0.135 0.055 -0.28 -0.27 0.01 0.26 -0.02 -0.01 

13-Feb-04 -0.01 0.015 40.015 0 -0.02 -0.03 -0.01 -0.03 -0.025 0.165 0.08 0.195 0.016 0.1 0.2 -0.03 0.11 0.18 -0.14 

14-Feb-04 0.18 0.125 0 0.015 

15-Feb-04 

16-Feb-04 

17-Feb-04 

18-Feb-04 -0.21 

Total net 

balance 

OW 

-149 -134 -2.02 -2.27 -2.19 -2.49 -138 -2.55 -2.51 -L08 -0.72 -0.88 -2.42 -L77 -2.54 -2.02 -2.44 -135 -1.12 -1.90 -2.52 -2.77 -3.35 4.47 -3.64 
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D. Morphology, dynamics and mass balance 

D.2. Bathymetry Heard Island's lagoons 

D.2.1. Stephenson lagoon 

Bathymetric survey of Stephenson Lagoon from the several traverse lines that were surveyed 
then  plotted over the 17 January 2003 Digital Globe  satellite  image. 

Stephenson Lagoon (northern) 

4116200 

4116000 

4115800 

4115600 

4115400 

4115200 

4115000 

4114800 

4114600 

4114400 

4114200 

412000 412200 412400 412600 412800 413000 413200 413400 413600 413800 414000 
EA ST IN 

Bathymetric survey 17 Jan. and 16 Feb 2004 by D. Thost  R.  Clifton. S Donoghue 
Depths relative to lagoon surface, which is approximately  at  sea level. 
Positional error ±5 m. Depth error: ±1 m where shallower than -30 m; 

35 m where deper than -300. 
Horizontal datum WGS84. Map projection UTL Zone 43 
Map complied by D. Thost. 
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D.2. Bathymetry Heard Island's lagoons 

D.2.2. Brown Lagoon 

Bathymetric survey of Compton Lagoon from the several traverse lines that were surveyed then 
plotted over the 17 January 2003 Digital Globe satellite image. 

410200 410300 410400 410500 410600 410700 410800 410900 411000 411100 

Easting 

Bathymetric survey 3 Feb 2004 by M. Truffer, S. Donoghue. D. Thost 
Depths relative to lagoon surface, which is apprximately 1 m asl. 
Positional error: ± 5 m. Depth error: ± 1 m where shallower than -30m: 

± 5 m where deeper than -30m. 
Horizontal datum WGS84 Map projection UTM Zone 43 
Bachground image Quickbird Satellite image acquired 12 Jan 2003 

Map compilation by D Thost. Australian Antarctic Division 
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D. Morphology, dynamics and mass balance 

D.2.3. Compton lagoon 

Bathymetric survey of Compton Lagoon from the several traverse lines that were surveyed then 
plotted over the 17 January 2003 Digital Globe satellite image. 

Compton Lagoon 

41 

41 

41 

41 

4121 

4121600 

4121400 

4121200 

4121000 

4120800 

4120600 

4120400 

412=0 
406800 407030 407200 407400 407800 407803 408030 408200 408400 400800 408800 400000 409200 408400 

ACT11*; 

Bathymetric survey 3 Feb, 2004 by M. Truffer, S. Donoghue, C. Stephenson. 
Deapths relative to sea level. 
Positional error ±5 m. Depth error ±1 m where shallower than -30m: 

±5 m where deeper than -30m. 
Horizontal datum WGS84. Map projection UTM Zone 43 
Map compilation D. Thost 
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D.2. Bathymetry Heard Island's lagoons 

D.2.4. Winston lagoon 

Bathymetric survey of Winston Lagoon from the several traverse lines that were surveyed then 
plotted over the 17 January 2003 Digital Globe satellite image. 

Winston Lagoon 

4111500 

4111000 
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4109500 
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410500 
	

411000 
	

411500 

EAST1NG 

Bathymetric survey 21 Jan. and 15 Feb 2004 by H. Kirkpatrick, R. Clifton, K. Rollings 
D. Thost, M. Truffer, S. Donoghue 
Depths relative to lagoon surface, which is approximately at sea level. 
Positional error t5 m. Depth error: ±1 m where shallower than -30 m; 

±5 m where deper than -30 m. 
Horizontal datum WGS84. Map projection UTL Zone 43 
Map complied by D. Thost. 
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E. Isotopes and glaciochemistry 

E.1. Isotopes in Precipitation 

Isotopes in Precipitation at latitudes south of 30 0  S. Table from the International Atomic Energy 
Agency (IAEA), the WMO (2004), and Global Network of Isotope in Precipitation (GNIP) 
website: http://isohis.iaea. org. This site provides further information on data collection 
and statical analysis. This table is shows the range in 5 18  0 for the southern hemisphere for 
comparison with the Heard Island 5 18  0 values. 

Station Latitude and Longitude Elevation (m) Weighted annual Weighted monthly 

5 18  0 (%0) range in 3 18  0 (%o) 

Adelaide, Aus 34.93° S; 138.53° E 43 -4.47 -7.64 to -2.53 

Cape Grim, Aus 40.68° S; 144.69° E 90 -4.30 -5.63 to -2.64 

Melbourne, Aus 37.82° S; 144.97° E 28 1-5.06 -6.37 to -3.30 

Perth, Aus 31.95° S; 115.97° E 17 -3.89 -4.13 to - I .43 

Marion Island, South Indian 46.88° S; 37.87° E 26 -4.84 -5.53 to -3.79 

Ocean 

Gough Island 40.35° S; 9.88° W 54 -3.75 -4.18 to -3.16 

Invercargill, NZ 46.42° S; 168.32° E 2 -7.16 -7.83 to -6.47 

Kaitaia Island 35.07° S; 173.28° E 76 -5.00 -5.91 to -4.12 

Buenos Aires, Arg 34.58° S; 58.48° W 24 -4.30 -5.83 to -1.88 

Ciudad, Arg 34.38° S; 58.28° W 0 -5.17 -7.58 to -3.35 

Conception, Chile 36.46° S; 73.03° W 11 -3.58 -5.93 to -1.89 

Coyhaique, Chile 45.35° S; 72.07° W 310 -11.96 -14.14 to -10.99 

Juan Fernandez Islands, Chile 33.62° S; 78.83° W 6 -3.26 -4.28 to -1.10 

La Suela, Arg 30.58° S; 64.58° W 900 -5.58 -12.27 to -4.12 

Mendoza, Arg 32.88° S; 68.85° W 827 -5.44 -19.70 to -2.73 

Nancuna, Arg 34.03° S; 67.97° W 572 -6.54 -14.70 to -2.40 

Porto Alegre, Brazil 30.08° S; 51.18° W 7 -4.84 -7.02 to -2.53 

Puerto Montt, Chile 42.48° S; 65.05° W 100 -7.59 -10.72 to -4.43 

Puerto Montt, Chile 41.47° S; 72.93° W 13 -6.28 -7.79 to -4.06 

Punta Arenas, Chile 53.00° S; 70.51° W 37 -10.06 -12.71 to -6.44 

Santiago, Chile 33.45° S; 70.70° W 520 -9.84 -12.93 to -6.84 

Temuco, Chile 38.46° S; 72.38° W 114 -7.41 -8.08 to -5.30 

Ushuaia, Arg 54.78° S; 68.28° W 10 -11.02 -12.45 to -9.96 
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E. Isotopes and glaciochemisny 

Station Latitude and Longitude Elevation (m) Weighted annual 

5 18 0 (%o) 

Weighted monthly 

range in 3 18  0 (700) 

Fort Malan, South Africa 33.97° S; 18.600  E 44 -3.58 -4.0010-1.67 

Vernads, Ant 65.25° S; 64.27° W -10.71 -13.13 to -8.72 

Rothera, Ant 67.57°S; 68.13°W 5 -13.76 -17.44 to -6.44 

Stanley, Falkland Islands 51.70° S; 57.87° W 51 -8.06 -9.74 to -6.30 

Halley, Ant 75.50° S; 26.65° W -20.16 -26.44 to -11.67 
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Site Latitude Altitude (m asl) DDF snow DDF ice Dates References 

Greenland 

Qamanaraaap 64°28'N 790 8.4 to 7.1 1980- 1986 summers (Braithwaite and Olesen, 1989) 

790 8.2 512 days (1980- 86) (Braithwaite, 1995) 

Nordboglacier 61°28'N 880 7.5 415 days (1979 - 83) (Braithwaite, 1995) 

Sermilik Glacier 60°55'N 520- 1015 3.5 to 9.5 Jan. 1961 - Dec 2002 (Podlech etal.. 2004) 

Greenland Ice Margin Project 67°06'N 341 8.7 10 Jun. - 31 Jul. 1991 (Van de Wal, 1992) 

519 9.2 15 Jun. - 6 Aug. 1991 (Van de Wal, 1992) 

67°04'N 1028 20.0 15 Jun. -6 Aug. 1991 (Van de Wal, 1992) 

New Zealand 

Tasman Glacier 44°S 960 1.8 to 6.5 26 Sept. 1985- 13 Sept. 1986 (Kirkbride, 1995) 

44°S 960 2.4 to 7.4 13 Sept. 1986 - 9 May 1987 (Kirkbride, 1995) 

44°S 1360 2.8 to 5.6 11 Nov. 1985- 14 Sept. 1986 (Kirkbride, 1995) 

44°S 1360 1.8 to 6.3 14 Sept. 1986 - 8 May 1987 (Kirkbride, 1995) 

mil,-Antarctic 

Vahsel Glacier, Heard Is. 200 16.610 10.7 4 Feb. -28 Feb. 1971 this study 
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E2. Solid Precipitation factors (10 variables 

F.2. Solid Precipitation factors (tif) variables 

Variable value 

a 0.932042026 
b -0.02944942 
c -0.031293831 
d -0.01657173 
e 0.00047051 
f 0.001237987 
g -0.0000315007 
h -0.0000332135 
i 0.00000269469 

F.3. Percent solid precipitation for each interval 

F.3.1. Percent solid precipitation 

Elevation (m) 1950 annual mean Elevation (m) 2001 annual mean 2090 annual mean 

1100 98% 1100 97% 73% 

1010 98% 1040 97% 70% 

950 98% 960 97% 67% 

900 98% 900 96% 65% 

850 97% 840 96% 63% 

800 97% 800 96% 62% 

750 97% 740 95% 60% 

710 97% 700 94% 58% 

670 97% 660 94% 57% 

620 97% 610 93% 54% 

580 96% 570 93% 54% 

540 96% 530 90% 50% 

500 95% 480 87% 47% 

460 93% 440 83% 43% 

420 91% 400 79% 38% 

380 88% 330 72% 33% 

330 84% 280 67% 26% 

260 77% 200 59% 18% 

205 71% 110 52% 11% 

170 67% 80 50% 10% 

140 64% 
105 61% 
65 57% 
0 52% 
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E Mass balance modelling 

F.4. Mass balance summary 

F.4.1. 2001 mass balance 

Elevation (m) ba  (m a -1  w e) bc  (m a -1  w e) bc  (ma -1  w e) (snow) bn  (ma- ' we) 

1100 -1.62 3.70 3.60 2.08 
1040 -1.76 3.66 3.56 1.90 
960 -1.97 3.60 3.49 1.64 
900 -2.14 3.56 3.44 1.42 
840 -2.32 3.52 3.38 1.20 
800 -2.46 3.49 3.34 1.03 
740 -2.67 3.45 3.27 0.78 
700 -2.82 3.42 3.23 0.60 
660 -2.99 3.39 3.18 0.41 
610 -3.20 3.36 3.12 0.16 
570 -3.39 3.33 3.09 -0.06 
530 -3.72 3.30 2.99 -0.42 
480 -4.38 3.27 2.83 -1.12 
440 -4.99 3.24 2.69 -1.75 
400 -5.66 3.21 2.54 -2.45 
330 -6.99 3.16 2.27 -3.83 
280 -8.06 3.13 2.08 -4.94 
200 -10.00 3.07 1.81 -6.93 
110 -12.43 3.01 1.56 -9.42 
80 -13.31 2.99 1.48 -10.32 
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F.4. Mass balance summary 

F.4.2. 1950 steady state mass balance 

Elevation (m) ba  (m a-1  w e) bc  (m a-1  w e) bc  (m a -1  w e) (snow) b„ (m a-1  we) 

1100 -1.15 4.57 4.48 3.34 
1010 -1.29 4.51 4.41 3.12 
950 -1.40 4.47 4.36 2.96 
900 -1.49 4.43 4.32 2.83 
850 -1.60 4.40 4.28 2.69 
800 -1.71 4.36 4.25 2.54 
750 -1.82 4.33 4.21 2.39 
710 -1.92 4.30 4.17 2.26 
670 -2.02 4.27 4.14 2.12 
620 -2.15 4.23 4.09 1.94 
580 -2.26 4.21 4.05 1.79 
540 -2.43 4.18 4.01 1.58 
500 -2.77 4.15 3.93 1.17 
460 -3.15 4.12 3.84 0.69 
420 -3.59 4.09 3.72 0.13 
380 -4.08 4.07 3.58 -0.50 
330 -4.77 4.03 3.38 -1.40 
260 -5.91 3.98 3.06 -2.85 
205 -6.93 3.94 2.80 -4.13 
170 -7.63 3.92 2.64 -5.00 
140 -8.27 3.90 2.51 -5.77 
105 -9.07 3.87 2.36 -6.71 
65 -10.01 3.85 2.21 -7.80 
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E Mass balance modelling 

F.4.3. 2090 mass balance 

The 2090 mass balance predicted by the IPCC BI scenario. 

Elevation (m) ba  (m a -1  w e) bc  (m a-1  we) bc  (m a-1  w e) (snow) bn  (m a-1  we) 

1100 -3.28 3.57 3.23 -0.04 
1040 -3.55 3.53 3.14 -0.41 
960 -3.94 3.47 3.01 -0.93 
900 -4.25 3.43 2.90 -1.35 
840 -4.60 3.39 2.80 -1.80 
800 -4.83 3.36 2.73 -2.11 
740 -5.21 3.32 2.62 -2.60 
700 -5.48 3.29 2.54 -2.94 
660 -5.75 3.26 2.47 -3.28 
610 -6.11 3.23 2.38 -3.73 
570 -6.40 3.20 2.31 -4.10 
530 -6.94 3.17 2.20 -4.74 
480 -7.95 3.14 2.01 -5.94 
440 -8.84 3.11 1.88 -6.96 
400 -9.76 3.08 1.75 -8.01 
330 -11.49 3.03 1.56 -9.93 
280 -12.82 3.00 1.43 -11.39 
200 -15.12 2.94 1.19 -13.92 
110 -17.95 2.88 0.88 -17.07 
80 -18.93 2.86 0.77 -18.15 
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F.4. Mass balance summary 

The 2090 mass balance predicted by the IPCC A2 scenario. 

Elevation (m) bc, (ma- ' w e) bc  (ma' we) bc  (ma- ' we) (snow) b„ (ma' w e) 

1100 -5.89 3.57 2.60 -3.29 
1040 -6.32 3.53 2.46 -3.86 
960 -6.93 3.47 2.31 -4.62 
900 -7.41 3.43 2.22 -5.19 
840 -7.92 3.39 2.15 -5.77 
800 -8.27 3.36 2.08 -6.20 
740 -8.81 3.32 2.00 -6.81 
700 -9.18 3.29 1.92 -7.26 
660 -9.55 3.26 1.85 -7.70 
610 -10.04 3.23 1.76 -8.28 
570 -10.44 3.20 1.71 -8.72 
530 -11.14 3.17 1.58 -9.56 
480 -12.43 3.14 1.47 -10.96 
440 -13.52 3.11 1.35 -12.17 
400 -14.67 3.08 1.17 -13.50 
330 -16.79 3.03 1.00 -15.79 
280 -18.37 3.00 0.78 -17.59 
200 -21.00 2.94 0.53 -20.47 
110 -24.13 2.88 0.31 -23.82 
80 -25.21 2.86 0.27 -24.94 
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E Mass balance modelling 

F.5. Brown Glacier grid point area and width 

F.5.1. The model area and width for the 1950 interval 

Length (km) Grid elevation (m) Area (m2 ) Secondary grid elevation (m) Width (m) 

0 1100 73915.77559 
0.25 1010 244624.7664 1050 920 
0.5 950 259420.7432 980 1140 

0.75 900 281588.5891 925 1280 
1 850 346890.1022 875 1360 

1.25 800 340918.7363 528 1380 
1.5 750 331009.9494 775 1380 

1.75 710 280927.3289 730 1500 
2 670 290290.5004 690 1520 

2.25 620 339986.426 645 1540 
2.5 580 250707.8868 600 1500 

2.75 540 269375.6607 560 1400 
3 500 265612.9808 520 1140 

3.25 460 266279.1669 480 1040 
3.5 420 177938.1117 440 940 

3.75 380 185627.9365 400 880 
4 330 203650.0718 355 860 

4.25 260 207065.7974 295 900 
4.5 205 223475.0357 235 920 

4.75 170 193557.0249 190 960 
5 140 199272.4839 155 920 

5.25 105 185298.5281 122 920 
5.5 65 221915.9126 95 960 

5.75 0 200140.2061 32 1100 
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F.5. Brown Glacier grid point area and width 

F.5.2. The model grid points, area and width for the 2001 and 2090 

intervals 

The model grid points, area and width for the 2001 interval and grid points for the 2090 interval. 

Length (km) Grid elevation (m) Area (m 2 ) Secondary grid elevation (m) Width (m) 

0 1100 188169 
0.25 1040 215361 1070 860 

0.5 960 398864 1000 1080 

0.75 900 372453 930 1260 

1 840 533066 870 1140 

1.25 800 314773 820 1360 

1.5 740 440383 770 1380 

1.75 700 319010 720 1460 

2 660 333928 680 1480 

2.25 610 372062 635 1540 

2.5 570 299990 590 1460 

2.75 530 328152 550 1520 

3 480 395105 505 1000 

3.25 440 319125 460 940 
3.5 400 262541 420 840 
3.75 330 142873 365 520 

4 280 95352 305 540 

4.25 200 125333 240 540 

4.5 110 127585 155 380 

4.75 80 9795 95 100 
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E Mass balance modelling 

F.6. Dynamics summary 

F.6.1. 2001 dynamics 

The cumulative mass flux, S1, k2, ice thickness and total velocity values for the 2001 Brown 
Glacier. The values in italics are estimates based on field measurements and model results. 

Elevation (h) Qb ( 113  a 1 ) Qb ice (m3  a-I ) St k2 Ice thickness (m) Total velocity (m cl - I ) 

1100 373678 415197 0.6 0 50 0.00 

1040 760645 845160 0.82 0 76 0.07 

960 1366902 1518779 0.85 0 79 0.10 

900 1850397 2055995 0.85 100 87 0.10 

840 2413618 2681796 0.82 100 102 0.13 

800 2691135 2990146 0.84 100 105 0.12 

740 2956037 3284482 0.83 100 115 0.12 

700 3085225 3428024 0.84 100 110 0.12 

660 3150853 3500944 0.84 500 114 0.12 

610 3120775 3467524 0.85 1000 106 0.12 

570 3031568 3368406 0.85 1000 103 0.13 

530 2789644 3099602 0.87 1500 94 0.12 

480 2176857 2418727 0.88 1500 80 0.11 

440 1444921 1605466 0.8 1750 75 0.14 

400 627462 697179 0.8 2000 80 0.16 

330 -46491 -51656 0.8 1500 75 0.17 

280 -616619 -685131 0.8 1000 80 0.19 

200 -1642587 -1825095 0.8 1000 80 0.14 

110 -3029980 -3366641 0.8 1000 60 0.15 

80 -3145875 -3495413 0.6 500 20 0.11 
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E6. Dynamics summary 

F.6.2. 1950 dynamics 

The cumulative mass flux, SI, k2, ice thickness and total velocity values for the 1950 Brown 
Glacier. The values in italics are estimates based on field measurements and model results. 

Elevation (m) Qb (m3  a-I)  Qb ice (m3  a -1 ) Si k2 Ice thickness (m) Total velocity (in c1 -1 ) 

1100 246512 273902 0.60 0 50 0.00 

1010 1008609 1120676 0.84 250 70 0.10 

950 1776720 1974132 0.84 500 89 0.11 

900 2573382 2859311 0.84 500 98 0.13 

850 3505933 3895477 0.84 1000 103 0.16 

800 4371557 4857281 0.83 1000 114 0.17 

750 5161280 5734749 0.82 1000 125 0.19 

710 5794806 6438667 0.83 1500 121 0.20 

670 6409546 7121711 0.83 2000 126 0.21 

620 7069065 7854509 0.83 2500 126 0.23 

580 7517901 8353215 0.83 3000 127 0.24 

540 7943390 8825980 0.81 4000 136 0.26 

500 8252840 9169813 0.75 5000 150 0.30 

460 8436481 9373859 0.73 6000 156 0.32 

420 8459875. 9399852 0.70 6000 158 0.35 

380 8367282 9296971 0.71 6000 141 0.42 

330 8083101 8981214 0.72 5000 137 0.43 

260 7492800 8325325 0.73 4000 136 0.38 

205 6570395 7300432 0.76 2000 115 0.39 

170 5603498 6226103 0.77 1000 114 0.32 

140 4454267 4949181 0.73 100 135 0.22 

105 3211412 3568233 0.72 100 60 0.01 

65 1479410 1643787 0.74 100 40 0.01 

0 -454055 -504505 0.70 100 20 0.01 
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