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Abstract 

 
 

The aim of this research was to demonstrate the relationship between variations in summertime 

surface mass balance of the McMurdo Ice Shelf and atmospheric processes. The approach 

encompassed a broad range of techniques. An existing energy balance mass balance model was 

adapted to deal with debris-covered ice surfaces and modified to produce distributed output. Point 

based surface energy and mass balance for two key surfaces of the ice shelf were linked to 

different synoptic types that were identified using a manual synoptic classification. The 

distributed model was initialised with distributed parameters derived from satellite remote sensing 

and forced with data from a regional climate model. Patterns of summertime surface mass balance 

produced by the distributed model were assessed against stake measurements and with respect to 

atmospheric processes. 

During the summers of 2003-2004 and 2004-2005 an automatic weather station (AWS) was 

operated on bare and debris-covered ice surfaces of the McMurdo Ice shelf, Antarctica. Surface 

mass balance was calculated using the energy balance model driven by the data from the AWS 

and additional data from permanent climate stations. Net mass balance for the measurement 

period was reproduced reasonably well when validated against directly measured turbulent fluxes, 

stake measurements, and continuously measured surface height at the AWS. 

For the bare ice surface net radiation provided the major energy input for ablation, whereas 

sensible heat flux was a second heat source. Ablation was by both melt (70%) and sublimation 

(30%). At the debris-covered ice site investigated, it is inferred that the debris cover is sufficient 

to insulate the underlying ice from ablation.  

Synoptic weather situations were analysed based on AVHRR composite images and surface 

pressure charts. Three distinct synoptic situations were found to occur during the summers, these 

were defined as Type A, low pressure system residing in the Ross Sea Embayment; Type B, 

anticyclonic conditions across region; and Type C, a trough of low pressure extending into the 

Ross Sea Embayment. A dependence of surface energy fluxes and mass balance on synoptic 

situation was identified for the bare ice surface. 

The distributed model was found to produce spatial patterns of mass balance which compared 

well with stake measurements. Mass balance patterns show that the McMurdo Ice Shelf was 

generally ablating in the west, and accumulating in the east during summer. Areas of enhanced 

ablation were found which were likely to be caused by the surface conditions and topographic 

effects on the wind field. The mean summertime surface mass balance across the entire ice shelf 

for the 2003-2004 and 2004-2005 summers were –2.5 mm w.e. and –6.7 mm w.e.  respectively.  

The differences between the two summers are inferred to be a result of more frequent type A 

conditions occurring during the summer of 2004-2005.  
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Symbol Description Units Value if constant 

Ca, volumetric heat capacity of 

substance (by volume) 

J m
-3

 K
-1

 Ca=0.0012 x 10
6
 

cd specific heat capacity of debris J kg
-1

K
-1

 - 

cp specific heat of a air at constant 

pressure (by mass) 

J kg
-1

 K
-1

 1005.7 ± 2.5 

cpi specific heat capacity of ice  J kg
-1

K
-1

 - 

es saturation vapour pressure Pa - 

F freezing rate  J kg
-1

  

g acceleration due to gravity  m s
-2

 9.81 

h1,2 relative humidity - - 

k effective conductivity W m-
1 

K
-1

 - 

K↓ incoming shortwave radiation W m
-2 

- 

K↑ outgoing  shortwave radiation W m
-2 

- 

k0 von Kármán’s constant - 0.4 

kd thermal conductivity of debris W m-
1 

K
-1

 - 

L Obukhov length m - 

L↓ incoming longwave radiation W m
-2

 - 

L↑ outgoing longwave radiation W m
-2

 - 

L↓raw raw incoming longwave radiation W m
-2 

- 

L↑raw raw outgoing  longwave radiation W m
-2 

- 

Lf latent heat of fusion J kg
-1

 3.337 x 10
5
 at 0°C 

LS latent heat of sublimation J kg
-1

 2.834 x 10
6
 at 0°C 

LV latent heat of vaporisation J kg
-1

 2.501 x 10
6
 at 0°C 

m mass  kg - 

M melt rate (mass per unit area) kg m
-2

 s
-1

 - 

Ma Molecular weight of air g mol
-1

 29 

Mdi melt rate at debris-ice interface m s
-1

 - 

Me total melt mm w.e. - 
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-1

 18 

O other mass balance terms 

(erosion/deposition by wind and 

snowdrift sublimation) 
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Pr precipitation mm w.e. - 

p atmospheric pressure Pa - 
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 - 

q* humidity scale   

Q* net radiation W m
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debris-ice interface  
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-2

 - 
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 - 

QG  subsurface conductive flux W m
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 - 
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-2

 - 

QM  surface melt energy W m
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 - 

QP energy from precipitation W m
-2

 - 

Qsd downward flux of energy from a 

layer of snow over debris 

W m
-2

 - 

Qt total energy flux from the 
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surface  

W m
-2

 - 

R universal gas constant J mol
-1

 K
-1

 8.314 

Re Reynolds number - - 

Ri Richardson number - - 

Rv gas constant for water vapour J kg
-1

 K
-1

 461.5 

SMB surface mass balance mm w.e. - 

Su sublimation mm w.e. - 

t time s - 

T air temperature °C - 

T0,T1, T2 temperature at surface (0), and 

heights 1, 2 

°C - 

Tdi temperature at debris-ice interface °C - 

u wind speed  m s
-1

 - 
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-1

 - 

v kinematic viscosity of air  m
2
 s

-1
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-1

 - 
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m - 
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ε emissivity - - 
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2
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-1
 - 
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σ Stefan-Boltzmann constant W m
-2
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 1.292 at SPA 

ρd density of debris kg m
-3
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-3
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Introduction and aims 
 

 

1.1 Introduction 

Complex numerical models of the atmosphere and oceans are now being used to 

predict the response of the Earth’s systems to increased levels of greenhouse gases in 

the atmosphere. However, estimates of changes in surface accumulation and ablation 

in polar regions under changing climate conditions are subject to high uncertainty 

(van der Veen, 2002; Lemke et al., 2007). Most of the models used in the prediction 

of mass balance are based on direct temperature forcing, and do not include other 

factors such as atmospheric circulation patterns which may be equally as important. 

Energy balance models are a means by which changes brought about by atmospheric 

circulation may be incorporated into the assessment of surface mass balance. There 

are few studies in which ablation is calculated explicitly from the surface energy 

balance in polar regions and more realistic models for estimating surface ablation are 

required (van de Veen, 2002; Hock, 2005). To improve current understanding of ice-

atmosphere linkages, it is necessary to develop methods by which distributed surface 

mass balance can be assessed in response to changes in atmospheric conditions. 

  

Ice shelves provide a good platform to investigate ice-atmosphere interactions as they 

encompass several surface types found in polar regions. Furthermore, almost half of 

the Antarctic coastline is comprised of floating ice shelves that account for 11% of 

Antarctica’s total surface area (King and Turner, 1997). Additionally, ice shelves are 

sensitive indicators of climatic change (Vaughan and Doake, 1996) yet ice shelf-

climate interactions have received surprisingly little attention. 

 

Because ice shelves are floating bodies of ice, their movement is not driven by 

gravity. Pushed by glaciers from behind, ice shelves move seaward and are 

unconstricted at their front. Consequently, the mass balance of an ice shelf is made up 

of different components than that for other glaciers. Accumulation of an ice shelf can 

be from precipitation on its surface, snow redistribution, flux of ice from the 

1 
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surrounding glaciers, or basal freezing. Ablation can be from the calving of icebergs, 

surface melt and subsequent runoff, sublimation, or basal melting.  

 

Surface ablation is driven by the exchange of energy between the surface and the 

atmosphere, which in turn is influenced by variations in climate and surface 

conditions. The primary controls on the surface energy balance (SEB) and hence 

ablation are the surface nature and meteorological variables, both of which change in 

time and space. As well as being an important component in global mass balance, 

ablation may also exert a control on other mass balance processes. For example, it is 

thought that ice shelf collapse is affected by surface melting (Scambos et al., 2000). 

 

The McMurdo Ice Shelf, in the Ross Sea Region (Figure 1.1), provides an important 

and opportune site for the investigation of ice-shelf atmosphere energy linkages. The 

ice shelf is adjacent to two research bases: McMurdo Station, (USA) and Scott Base 

(NZ) and is important in the ongoing logistics for research programs supported by the 

bases. Its proximity to these bases, as well as its small size (approximately 5000 km
2
), 

and a history of research (Section 1.5) makes the McMurdo Ice Shelf an ideal location 

for this type of study. The ice shelf also has variable surface characteristics and 

therefore presents an opportunity to investigate how surface types affect mass 

balance. Furthermore, recent research has suggested that it is currently in a state of 

dynamic equilibrium with its environment (Lawson et al., submitted).  

 

This chapter firstly introduces the reader to the three research themes that this work 

draws on - those concerning surface energy and surface mass balance, ice-

atmospheric circulation linkages, and debris on ice. The McMurdo Ice Shelf is then 

described, followed by a description of the thesis aims and objectives. The chapter 

finishes with an outline of the thesis structure.  
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Figure 1.1. The Ross Sea Region, showing the Ross Sea Embayment and approximate location of McMurdo Ice 

Shelf (Waterhouse, 2001 p.4). 

 

McMurdo 

Ice Shelf 
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1.2 Surface energy and surface mass balance 

This section firstly outlines the physical principles of atmosphere-surface energy 

exchange. Then a review of recent research concerning energy and mass balance in 

polar regions is given. 

1.2.1 Surface mass and energy exchange 

The surface mass balance (mm w.e.) at a point on a glacier is the balance of the 

components of accumulation and ablation for a given time period: 

SMB = Pr + Su + Me + O 1.1 

where SMB is the surface mass balance, Pr is precipitation, Su is sublimation, Me is 

melt followed by evaporation or runoff, and O accounts for other terms such as 

erosion/deposition by wind and snowdrift sublimation (terms that remove mass from 

the surface are defined as negative). The amount of energy available for melt and 

sublimation is determined by the surface energy balance, which is the sum of the net 

fluxes of energy exchanged at the surface and is now described.  

 

Radiant energy received at a surface may be reflected, absorbed, or transmitted. The 

radiation budget describes the gains and losses of this radiant energy. The balance of 

the radiation budget, net radiation, is the basic input into the surface energy balance, 

which is used to examine how the energy is partitioned. The surface energy balance 

determines how much energy is available for ablation.  

 

During clear sky days, radiant energy received at the earth’s surface can be calculated 

with a high degree of certainty given the latitude and time of year. Outgoing radiant 

energy in all wavelengths, however, varies significantly as a function of the nature of 

the surface. Radiant energy, for a given wavelength (λ), received at the surface may 

be reflected (αλ), absorbed (ζλ), or transmitted (Ψλ) through the medium: so that  

1=++ λλλ ψζα  1.2 

However, according to Oke (1987), these properties can be considered constant for a 

wavelength band, such as short-wave (solar) radiation (0.15 - 3.00 µm), or long-wave 

radiation (3.00 - 100.00 µm).   

 

As short-wave radiation is considered the primary source of energy for ice ablation 

(Paterson, 1994), reflectivity of short-wave radiation (albedo) is of great importance. 
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Short-wave albedo of an ice mass surface is a function of the age of the ice or snow, 

sun angle, grain size, presence of air bubbles, impurities, surface water, and the 

presence and nature of supra-glacial debris. The surface is defined here as the active 

surface where the primary atmosphere-ice mass energy exchange occurs and may 

consist of ice, snow, debris, or a combination of these. 

  

Surface albedo can range from 0.10 to 0.97 across differing glacier surfaces (Paterson, 

1994). Reflection of long-wave radiation is significantly less, with long-wave 

reflectivity generally less than 0.10 for all surface types (Oke, 1987). The term albedo 

is used in this thesis to refer specifically to the short-wave albedo. Albedo of ice is 

high compared with other natural surfaces and studies have shown it to have both a 

diurnal and seasonal variability (Paige, 1968; Braithwaite and Olesen, 1989; Bintanja 

et al., 1997; Lewis et al., 1998; Arendt, 1999). The albedo of supra-glacial debris is 

much lower, ranging from 0.10 (Paterson, 1994) to 0.21 (Takeuchi et al., 2000). 

 

All substances at temperatures above absolute zero (0 K, -273.2º C) emit energy. A 

perfect radiator (black body) emits exactly the same amount of energy as it receives at 

a given temperature. Any substance that is not a black body emits energy at a rate (I) 

according to its emissivity (ελ), as follows: 

4

0TI σε λ=  1.3 

in W m
-2

 where σ is the Stefan-Boltzmann constant (5.67 x 10
-8

 J K
-4

 m
-2

 s
-1

) and T0 is 

the surface temperature (K). According to Kirchoff’s Law, emissivity is equal to the 

absorptivity ( )λζ for the same wavelength: 

 λλ ζε =  1.4 

Snow and ice are near perfect black body radiators in the infrared (ελ close to unity). 

In contrast, supra-glacial debris has a lower emissivity, and accordingly will absorb a 

lower proportion of energy. 

  

Ice and snow are unusual in that they transmit solar radiation. Thus, it is necessary to 

view the energetics as relating to a volume as opposed to a surface (Henneken et al., 

1994; Oke, 1994). This transmitting characteristic has been recognized as the cause of 

subsurface melting, or ‘solid state greenhouse’ (Paige, 1968; Ishikawa and Kobayashi, 

1985; Brandt and Warren, 1993).  
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The radiation budget is defined by:  

Q
*
  =  K↓ -  K↑  +  L↓ - L↑              1.5 

or  

Q
*
  =  K* + L* 1.6 

where Q
* 
is net all-wave radiation of a surface, K↓ and L↓ are the incident short-wave 

and long-wave radiation fluxes respectively, K↑ is reflected short-wave radiation and 

L↑ is emitted long-wave radiation. Net parameters are denoted by an asterisk. 

 

Energy can be transported to and from the active surface via turbulent fluxes as well 

as the radiant fluxes outlined above. Turbulent transfer is achieved by eddies 

conducting sensible and latent heat to or from the glacier surface. If the air 

immediately above the glacier is warmer than the surface, sensible heat is transferred 

to the surface. If the air is colder than the surface, sensible heat is transferred from the 

surface to the air. Similarly, when the vapour pressure of the air above the surface is 

higher than that of the surface, vapour condenses on the surface and the surface gains 

latent heat. When the vapour pressure of the air is lower than the surface, evaporation 

or sublimation occurs and the surface loses latent heat. The degree of turbulence in 

the near surface atmosphere dictates the amount of energy transferred via these 

processes. Furthermore, heat may also be exchanged vertically downwards into the 

underlying snow, ice or debris by means of conduction.  

 

The total surface energy flux (Qt) is represented by:  

Qt =Q* +QH + QE +QP 1.7 

where QH is turbulent sensible heat flux, QE is the turbulent latent heat flux, and QP is 

the heat flux due to precipitation (Fluxes towards the surface are taken as positive). Qt 

can be further subdivided into conductive heat flux QG and a penetrating part of the 

short-wave radiation which are discussed in detail in chapter three (Sections 3.2.2 and 

3.2.3). 
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1.2.2 Research on surface energy and surface mass balance in 
polar regions 

Work on surface energy and surface mass balance in polar regions has been mainly 

limited to point based investigations but distributed models are becoming more 

prevalent.  

 

There have been numerous recent studies on energy and mass balance of snow 

surfaces in Antarctica (van den Broeke 2004a,b; van As et al., 2005a,b), and on ice 

surfaces in other environments such as Greenland (van de Wall et al., 2005) and 

Norway (Andreassen et al., 2008). However, energy and mass balance measurements 

over Antarctic ice surfaces are still rare. van den Broeke (1997) emphasized the need 

for more energy balance measurements over ice and suggested that the combination of 

models that are empirically validated with data from automated weather stations 

would be a powerful tool to assess the Antarctic energy balance. 

  

A comprehensive point based study has been conducted on the SEB of blue ice areas 

(BIA) of Dronning Maud Land, Antarctica (Bintanja and van den Broeke, 1995; 

Bintanja et al.,1997; Bintanja, 2000; Bintanja and Reijmer, 2001). These studies 

indicated that the largest flux was net radiation, followed by sensible heat. Sensible 

heat was the only source during the winter. Most of the available heat was used for 

sublimation, with a total energy flux small for blue ice and slightly larger for snow 

indicating that ice gains more heat than snow during summer. Spatial variability of the 

fluxes was significant (Bintanja and van den Broeke, 1995). For example, Bintanja 

and van den Broeke (1995) found a net flux of -29 W m
-2

 in a BIA of Dronning Maud 

Land, whilst on the snow surface nearby, the flux was between -15 and -22 W m
-2

. 

This variability was attributed to differences in albedo across the different surfaces, 

and to the prevailing weather conditions (Bintanja and Reijmer, 2001).  

 

Research on Antarctic SEB has often concentrated on sublimation and disregarded 

melt processes (e.g. Stearns and Weidner, 1993; Bintanja and van den Broeke, 1995; 

Schneider, 1999). However, Das and Alley (2005) and Liston and Winther (2005) 

showed that melt in Antarctica is widespread and should therefore be included in 

considerations of mass balance.  
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Surface mass balance models fall into two main categories: surface energy balance 

and temperature-index methods. Energy balance models compute energy fluxes 

between the atmosphere and the ice surface, and are driven by atmospheric variables 

such as temperature, wind speed, humidity, radiative fluxes, cloud, and precipitation. 

To date most surface energy balance models have either been point based or along 

glacier centre lines, with distributed models only recently being attempted (Hock, 

2005). In contrast, temperature-index models are simplified by relating ablation 

directly to atmospheric temperature and, less frequently, to incoming solar radiation. 

For this research only the energy balance approach is considered because it is better 

able to adapt to changes in atmospheric circulation (van der Veen, 2002; Greuell and 

Genthon, 2003; Bougamont et al., 2005).  

 

Energy balance models often use internally-generated components (not parameterised 

or specified) such as incoming short-wave and long-wave radiation. These 

components have been addressed thoroughly in the literature and are relatively well 

understood (Hock, 2005). Although models have been shown to be sensitive to 

variations in albedo, aerodynamic roughness length and surface temperature, these 

parameters are often assumed constant, or have been used as tuning parameters (e.g. 

Reijmer et al., 2001; Greuell and Genthon, 2003; Hock, 2005).  

 

In order to address such sensitivities, a number of studies have emphasised the need to 

internally-generate albedo (Braithwaite and Oleson, 1989; Zuo and Oerlemans; 1996; 

Lewis et al., 1998; Arendt, 1999). The ability to incorporate changes in snow albedo 

in energy balance models is well established. However, for simplicity, the ice albedo 

is often considered static in time and space in energy balance models (Greuell and 

Genthon 2004; Hock, 2005). While temporal variations of ice albedo are smaller than 

that of snow (Cutler and Munro, 1996), spatial variation can be considerable 

(Paterson, 1994). Some models incorporate a linear change in ice albedo with 

elevation (Oerlemans, 1992), while others consider snow and ice albedo separately 

(e.g. Greuell and Konzelmann, 1994; Arnold et al., 1996; Brock et al., 2000b).  

 

Turbulent fluxes are highly sensitive to the aerodynamic roughness length (z0) 

(Braithwaite, 1995; Brock et al., 2000b). Despite this sensitivity, z0 is often 
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approximated (Greuell and Genthon, 2004) or used as a tuning parameter (e.g. Braun 

and Hock, 2004; Hock, 2005). Brock et al. (2000b) incorporated a modelled z0 for 

snow but were unable to establish any method for modelling z0 for ice. This gap in the 

knowledge base means that the z0 used must be considered carefully when modelling 

turbulent fluxes. 

 

Surface temperature is a factor that has received little attention in mass balance 

modelling, despite the fact that it is an important consideration in energy flux 

calculation (De Ridder and Mensink, 2003; Reijmer et al., 2001). Often energy 

balance models assume a melting surface, and thus a fixed surface temperature, which 

can lead to an overestimation of melt (Hock, 2005). Furthermore, both sublimation 

and subsurface melt can occur when the surface is below freezing point (Liston,  et 

al., 1999), highlighting the importance of allowing for variable surface temperatures 

in SEB modelling.  

 

The climate variables used to drive SEB mass balance models are generally taken 

from one climate station, located away from the glacier itself (e.g. Greuell and 

Konzelmann, 1994). These data are either assumed spatially invariant or interpolated 

with altitude using an assumed lapse rate (Hock, 2005). Recently some work has 

coupled SEB mass balance models with distributed input (discussed below). 

 

SOMARS (Simulation of glacier surface Mass balance And Related Sub-surface 

processes) is a readily available glacier centre line mass balance model that addresses 

most of the concerns outlined above. It was tested successfully at the ETH-Camp, 

West Greenland (Greuell and Konzelmann, 1994), and has since had several 

adaptations (e.g. Bougamont et al., 2005).  

 

Many broad-scale surface mass balance studies have been conducted across the 

Antarctic, including the Ross Sea Region, but distributed energy balance based 

analyses are uncommon (van der Veen, 2002). A general circulation model was 

created by van den Broeke (1997) to examine sublimation over the whole Antarctic 

Continent. However, when compared with ground based measurements, the model 

only produced fair results (van den Broeke, 1997). 
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Recent research has attempted to couple energy balance models with spatially 

distributed climate variables. Bougamont et al. (2005) coupled an energy balance 

model with spatially distributed climate variables to assess the surface mass balance 

of the Greenland Ice Sheet. They used output from the European Centre for Medium-

range Weather Forecast (ECMWF) reanalysis (ERA-40) coupled with an energy 

balance model in order to assess its ability to identify inter-annual variability. They 

found that modelled spatial and temporal wet zone compared well with that identified 

with remote sensing (Bougamont et al., 2005).  

 

Liston and Winther (2005) used broad scale data from a meteorological distribution 

model (MicroMet) combined with the distribution of blue ice determined with 

AVHRR and a customised energy balance model for blue ice to determine broad scale 

surface and subsurface melt. Their results suggest that a large amount of surface and 

subsurface melt is occurring across Antarctica. 
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1.3 Ice-atmospheric circulation linkages  

In a comprehensive review of energy balance modeling, Hock (2005) suggested that 

research needs to focus on the links between energy fluxes and synoptic scale 

processes. It is clear that, although not well understood, these relationships are 

important for understanding the controls on temporal variability of melting, prediction 

of the effects of climatic change, and for validation of climate models in polar 

regions. 

 

Surface energy fluxes and mass balance are intimately coupled with atmospheric 

circulation and therefore with synoptic conditions. However, this link has been only 

been examined by a few researchers. Of the limited number of studies, most have 

identified that different air masses exert strong controls on the surface energy or mass 

balance (Yarnal, 1984; Neale and Fitzharris, 1997; Petrone and Rouse, 2000; Leathers 

et al., 2004). Even less attention has been paid to this relationship in the polar regions. 

This knowledge is however very important when down scaling global and regional 

climate models and for climate change research. 

 

Neale and Fitzharris (1997) found that different synoptic conditions generated 

distinctive energy budgets in melting snowpack in the Southern Alps of New Zealand. 

They found that net radiation was most important during anticyclonic systems, but 

that most melting occurred when sensible heat was an important source of energy 

(Neale and Fitzharris, 1997). Leathers et al. (2004) used a snowpack model, and an 

airmass identification scheme to identify large ablation events in the Appalachian 

Mountains of North America. They identified five air mass types causing large 

ablation events, some of which were “moist” and some of which were “dry” (Leathers 

et al., 2004 p.1898). They also found significant energy input from condensation and 

accounted for extreme melt conditions by the combination of high sensible and latent 

heat (Leathers et al., 2004). Petrone and Rouse (2000) examined in detail the synoptic 

conditions in sub-arctic regions of Canada. Although their study was not focussed on 

melt, they found that the synoptic regimes exerted strong controls on the energy 

balance, and that evaporation was highest during high pressure conditions.  
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Alt (1987) developed synoptic analogs for extreme mass balance conditions on the 

Queen Elizabeth Island Ice Caps, High Arctic, Canada. A ridge at all levels was 

associated with summertime melt maxima, while suppression of melt was associated 

with a deep trough causing maritime winds. Accumulation maxima were linked to 

lower and upper atmospheric low pressure systems (Alt, 1987). They found that 

during anticyclonic conditions, with a ridge over the Queen Elizabeth Islands, high 

rates of melting occurred. These synoptic analogs were developed specifically for 

paleoclimatic reconstructions (Alt, 1987).  

 

In the southern high latitudes, very limited research has been done at the temporal 

scale that captures air mass characteristics. One notable exception is the work by 

Braun et al. (2001) who also found strong linkages between large scale circulation 

and mass balance. Their study examined the effects of large-scale atmospheric 

circulation on energy balance terms of the King George Island Ice Cap, on the South 

Shetland Islands. The maximum melt rate found was associated with advection of 

warm, moist air masses. During these conditions the contribution of turbulent fluxes 

exceeded that of radiation balance. Periods found to not contribute to ablation were 

associated with dry, cold continental air masses  (Braun et al., 2001). 

 

Some work has been done by Bintanja and Reijmer (2001b) and Liston et al. (1999) 

who have investigated surface energy balance components of blue ice areas with 

specific reference to atmospheric conditions such as cloud and moisture. These 

however, have not been related to synoptic scale circulation.  
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1.4 Debris on ice  

Debris-cover affects the SEB through more than just its albedo (Brock et al., 2000a). 

Debris can both enhance and inhibit melt depending on its depth and thermal 

properties. Debris on the surface of a temperate glacier has been shown to augment 

melting until it is approximately 1-2 cm thick (Nakawo and Rana, 1999). As the 

debris layer gets thicker, the effect decreases until a critical thickness is reached, at 

which point the ablation beneath the debris equals that on debris free areas 

(Nicholson, 2005). The critical thickness varies depending on thermal properties of 

debris and the location. When the debris is thick enough to insulate the underlying ice, 

energy received at the surface is stored temporarily within the debris and returned to 

the atmosphere as long-wave radiation and sensible heat.  

 

Measurement of ablation beneath debris is difficult (Nakawo and Rana, 1999; Purdie 

and Fitzharris, 1999; Nicholson, 2005). Although it has been shown that it is possible 

to estimate rates of ablation beneath supraglacial debris using surface temperature 

(Nakawo and Young, 1982; Nakawo and Rana, 1999), the technique is based on 

assumptions that cannot necessarily be used for polar regions.  

 

It has been suggested that for debris-covered glaciers in temperate environments, the 

temperature gradient can be assumed to be linear with depth on a 24 hour timescale 

(Nicholson and Benn, 2006). This assumption is only valid if the debris is in thermal 

equilibrium, meaning that there is negligible change in heat storage from day to day 

(Farouki, 1981; Williams and Smith, 1989; Nicholson and Benn, 2006). Furthermore, 

past research of this nature has been performed primarily on temperate glaciers, and 

has assumed that the temperature at the debris-ice interface is equal to 0ºC (Nakawo 

and Young 1981; Purdie and Fitzharris, 1999; Conway and Rasmussen, 2000; 

Nicholson and Benn, 2006). However, this cannot be assumed in a polar environment 

(Nicholson and Benn, 2006). 

 

The effect of debris on ice in polar regions has been the focus of very few studies. The 

recent discovery of ice below sediment in the Dry Valleys (Antarctica) has prompted 

a recent research effort into the sublimation of ice through sediment. These recent 
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works are mostly theoretical and hotly debated (e.g. Hindmarsh et al., 1998), or 

involve controlled field experiments (e.g. van Dijk and Law, 2003).  

 

Knowledge of debris processes in polar environments is also important for 

paleoclimatic reconstructions as the presence of debris on ice in polar regions has 

been linked to the preservation of relic ice (Hindmarsh et al., 1998), to ice rafted 

debris (Hindmarsh and Jenkins, 2001) and to Heinrich events (Glasser et al., 2006). 
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Figure 1.2 McMurdo Region. The approximate eastern boundary of the ice shelf is indicated with a 

dashed line.(adapted from Scientific Committee for Antarctic Research, 2000). 

1.5 The McMurdo Ice Shelf 

The McMurdo Ice Shelf is an approximately 5000 km
2
 floating ice shelf in the Ross 

Sea Region, Antarctica (Figure 1.1). It is bounded by Minna Bluff (up to 920 m.a.s.l.), 

Mt Discovery (2681 m.a.s.l.), and the Koettlitz Glacier to the south, Ross Island to the 

north, Ross Ice Shelf to the east and Scott Coast to the west (Figure 1.2). Ross Island 

is of volcanic origins and is dominated by the active volcano Mt Erebus at 3794 

m.a.s.l. To the west, aligned north-south, the Trans Antarctic Mountains rise to over 

3000 m.a.s.l. The adjacent and upstream Ross Ice Shelf extends to 85º south (Figure 

1.1). The McMurdo Ice Shelf itself is punctuated by the relatively low-lying Brown 
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Peninsula, Black Island, and White Island. The ice shelf is between 20 and 300 m 

thick, with the thickest sections near Windless Bight, and the Koetlittz Glacier. 

 

The flow regime of the ice shelf is complex, partially due to the numerous processes 

of accumulation and ablation as outlined above. Ice flows into the McMurdo Ice Shelf 

from the Ross Ice Shelf to the east, which renders the eastern boundary between the 

ice shelves arbitrary. For the purposes of this research, the eastern boundary of the 

McMurdo Ice Shelf is taken to be along a straight line between Minna Bluff and Cape 

Crozier (Figure 1.2). The ice shelf movements in the eastern regions have been 

established as travelling from north and south, converging, and then flowing 

westward (Swithinbank, 1970; McCrae, 1984). To the west, the flow is generally to 

the northeast at 1.5 - 18.3 m annually (Glasser et al., 2006). The flow regime in the 

southern part of the ice shelf and area to the north of the Koettlitz Glacier are not well 

known (McCrae, 1984). 

 

Ross Island has been the base for exploration of Antarctica for more than a century. In 

the 1950s Scott Base (New Zealand) and McMurdo Station (U.S.) were established on 

Hut Point Peninsula, Ross Island, as part of the International Geophysical Year. 

Accordingly, the region has been relatively well documented. The McMurdo Ice Shelf 

has been the subject of a wide variety of glaciological research due to its proximity to 

the bases. Relevant aspects of this research are summarised below.  

 

1.5.1 Mass balance 

The McMurdo Ice Shelf is fed by ice flow from Ross Ice Shelf, the southern slopes of 

Ross Island, Koettlitz Glacier and the smaller glaciers on White Island. Direct surface 

accumulation from precipitation and blowing snow occurs throughout the year 

(Sinclair, 1988). Furthermore, water freezes in tide-cracks and basal freezing occurs 

on the underside of the ice shelf. Precipitation in the region varies considerably in 

space, with the mean at McMurdo Station approximately 180-190 mm per annum 

(Monaghan et al., 2006). There is a strong east-west gradient of surface accumulation 

(Figure 1.3) with a maximum annual accumulation of around 508 mm w.e. in the 

Windless Bight area (density of ice was assumed to be 400 kg m
-3

) which reduces to 

between 52  and 172 mm w.e. near to McMurdo Station.  
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Ablation of the McMurdo Ice Shelf is by means of surface sublimation and melt, 

occasional calving, and bottom melting (McCrae, 1984). The western part of the ice 

shelf experiences strong surface ablation with values of net mass loss of up to 4.41 m 

over a summer (Glasser et al., 2006). A transition zone between accumulation and 

ablation runs between White Island and the ice shelf front. The location of this 

transitional area has been reported by several researchers (Stuart and Bull 1963; 

Paige, 1968; Swithinbank, 1970). No work on the Southern McMurdo Ice Shelf mass 

balance has been published to date.  

Figure 1.3 Summary of  surface mass balance research performed on the McMurdo Ice Shelf 

up to 1984. Note values shown are from stakes measurements, and are given in cm of ice 

(McCrae, 1984, p.39). 

N 
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1.5.2 Surface characteristics 

Two surface types dominate the ablation area of the McMurdo Ice Shelf: bare glacier 

ice and debris-covered ice. The bare glacier ice surface has a mottled appearance 

comprising patches of white bubbly ice, and areas of clear blue glacier ice. The two 

types of ice alternate in a linear fashion (Figure 1.4). These linear features are the 

result of the prevailing southwesterly winds, as they descend from Minna Bluff and 

Mount Discovery (Swithinbank, 1970). Small patches of debris and snowdrifts are 

also typically found on the bare ice.  

In the debris-covered ice areas, bands of marine-derived debris up to ~1 m thick 

mantle the ice. This type of surface accounts for approximately 6% of the McMurdo 

Ice Shelf surface area and is primarily in the vicinity of Brown Peninsula (Figure 1.2). 

The mechanism proposed for the accumulation of such sediment is by a combination 

of basal freezing and surface ablation (Debenham, 1919, in Whitehead, 1989). 

Extensive research has been conducted on the debris and has confirmed its marine 

Figure 1.4. The ablation area of the McMurdo Ice Shelf. Photograph is facing south from near the 

ice shelf front. The bare ice is comprised of both white bubbly ice and blue coloured ice. See Figure 

1.2 for relevant map coverage. 
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origins (Swithinbank, 1970; Kellogg and Kellogg, 1987; Whitehead, 1989). The 

debris is continuously reworked and redistributed across the ice shelf surface (Glasser 

et al., 2006). 

 

Approximately 20% of the ice shelf surface is covered in meltwater during 

summertime (Pridmore et al., 1995). The meltwater is in the form of streams, ponds 

and lakes of up to 10
4 

m
2
. The melting that occurs during the summer is beneath the 

surface in the western part of the ice shelf, with a progression to open pools in the east 

(Paige 1968). According to Paige (1968), this subsurface melt occurs exclusively 

beneath the surface of the blue glacier ice. Subsurface melt pools are usually 0.5 to 

1.0 m deep and 10.0 to 15.0 m in diameter. These pools are covered by a layer of ice 

that decreases in thickness from around 0.30 to 0.40 m in mid December to as little as 

0.07 m in mid January (McCrae 1984).  
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1.6 Thesis objectives and approach 

To improve current understanding of ice-atmosphere linkages, the overall aim of this 

research is to demonstrate the relationship between variations in summertime surface 

mass balance of the McMurdo Ice Shelf and atmospheric processes. In order to 

achieve this overall aim, the following specific objectives will be addressed: 

• Characterize the McMurdo Ice Shelf climate for the summers of 2003-2004 and 

2004-2005.  

• Identify distinct synoptic situations that occur during the summer. 

• Determine surface energy and surface mass balance of two key surfaces of the 

McMurdo Ice Shelf and link these with the distinct synoptic types. 

• Detect surface characteristics used for distributed mass balance modelling. 

• Determine the pattern of summertime surface mass balance over the entire 

McMurdo Ice Shelf and associate this with the climate characteristics. 

 

The approach encompasses a broad range of techniques. These include: analysis of 

data from specific field measurements and permanent climate stations, application of 

a manual synoptic classification, application of a energy balance mass balance model, 

adapting the model to include debris-covered ice processes, manipulation of remote 

sensing imagery, as well as modification of the model to run in a distributed fashion.  
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1.7 Thesis structure 

This thesis comprises six chapters. As the thesis involves a diverse range of methods, 

the structure is such that results are placed as close as possible to the relevant 

methodology. This chapter introduces the physical principles of the ice-atmosphere 

energy exchanges, discusses the key themes which have emerged in previous studies, 

and describes the general character of the study area. Chapter two introduces the 

reader to the regional weather and climate and examines distinct synoptic situations 

for the area. Chapter three adapts a surface energy balance model and uses it to 

investigate the SEB for two surface types found in the ablation area of the McMurdo 

Ice Shelf. Chapter four uses remote sensing and ground-based methods to explore 

spatial characteristics of the ice shelf used for distributed mass balance modelling. 

The fifth chapter draws together the key strands of the previous chapters and 

examines spatial patterns of surface mass balance over two summers using a 

distributed energy balance model. Chapter six comprises a summary of the research 

findings, followed by a discussion of the significance and implications.  
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Climatological setting  
 

2.1 Introduction 
In order to provide a climatological context for this research and to help understand how 

the atmosphere interacts with the surface of the McMurdo Ice Shelf, this chapter considers 

the climate of the McMurdo Ice Shelf by addressing the following specific objectives: 

• Describe and compare climate characteristics during the summers of 2003-2004 and 

2004-2005, and place them into a longer-term context. 

• Identify distinct synoptic situations that occurred during the two summers. 

• Determine the microclimate of two key surfaces at the McMurdo Ice shelf, and the 

key differences between them.  

• Associate the microclimate of the two key surfaces with the distinct synoptic types. 

 

The chapter begins with a description of the regional climate. Next, using data from 

permanent weather stations, the two summers used in the rest of this research are compared 

and a discussion on how representative they are in a longer-term context is provided. A 

synoptic classification is then presented. Next, the microclimate of the McMurdo Ice Shelf 

surface is examined for a bare and a debris-covered ice site. The microclimate section 

includes a description of field instrumentation and sampling regime as well as  

demonstrating how the surface microclimate is dependent on synoptic situation. The 

chapter concludes with a summary of the main findings.  

2 
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2.2 Regional Overview  
The McMurdo Ice Shelf is the site of convergence of several different air masses: dry, very 

cold air from the high East Antarctic continental plateau; cold, moister air from the Ross 

Ice Shelf; and relatively warm, moist air from the Ross Sea (Monaghan et al., 2005). As 

with other coastal regions of Antarctica, the synoptic scale circulation is characterised by 

east-moving low pressure systems (King and Turner, 1997 p.189). These large depressions 

are generally mature, dissipating, and have a general meridional movement, but due to the 

topographical contrast between the oceans and the Antarctic mainland they are deflected to 

the east.  

 

The Ross Sea Embayment and Ice Shelf is a location of annually average low pressure 

(Simmonds et al., 2003). Occasionally, low-pressure systems forming the circumpolar 

trough travel around Cape Adare (Figure 1.1) and situate themselves in the Ross Sea 

Embayment. On the eastern side of these low pressure systems, relatively warm, moist air 

is advected towards the coast whilst on the western side, the colder, drier air of the 

continent is drawn seaward (King and Turner, 1997). This situation allows for moist warm 

air to be drawn across the Ross Ice Shelf and into the McMurdo Sound area for extended 

periods. These southerly winds are associated with an influx of warm, moist air (O’Connor 

and Bromwich, 1988). 

 

Winds in the region have been the subject of numerous studies. Katabatic winds in the Ross 

Ice Shelf area propagate over the Ross Ice Shelf and extend to the Ross Sea (Bromwich et 

al., 1992). They are most common in winter, and are enhanced by the positioning of a 

synoptic scale low-pressure system over the Amunsden Sea causing southeasterly flow over 

the ice shelf.  The regional air has high stability, especially in winter, as a result a strong 

inversion that develops over the Ross Ice Shelf (O’Connor and Bromwich, 1988).  Barrier 

winds are also a characteristic of the area, O’Connor and Bromwich (1988) found barrier 

winds in the vicinity of Ross Island, created by the blocking effect of the TransAntarctic 

Mountains on the wind flowing from the east, and then being deflected to the north. At a 

localised scale, features such as Minna Bluff and Ross Island (Figure 2.1) further affect the 

wind, causing flow splitting and stagnation (Sinclair, 1988; Monaghan et al., 2005). 

Windless Bight (Figure 1.2) is an area of anomalous calm as a result of this stagnation.  
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Temperature also varies over small 

spatial scales: the 1977-2004 mean 

average annual temperature for 

McMurdo Station (Figure 1.2) was 

-16.7ºC, while for the same time period 

the mean annual temperature reported at 

Scott Base (Figure 1.2) was -19.4 ºC. 

This difference is the result of flow 

splitting around Hut Point Peninsula, 

further emphasising the importance of 

local topographical effects (King and 

Turner, 1997). Fog occurrence is 

common in the area during the summer 

months and can often result in surface 

deposits (Lazzara, 2006).  

 

Precipitation in the region varies considerably in space, with the mean at McMurdo Station 

approximately 180-190 mm per annum (Monaghan et al., 2006). Complicating this picture 

is the redistribution of snow by wind, as blowing snow is commonly observed in the area 

(Monaghan et al., 2006). However, maximum wind speed and precipitation are reported to 

occur in the winter months (Bromwich, 1988; King and Turner, 1997; Monaghan et al., 

2006) suggesting that redistribution is not as important during the summer. 

Figure 2.1  The McMurdo Ice Shelf area indicating 

streamlines of prevailing winds at the sites located at the 

heads of the arrow (Sinclair 1988 p238).  
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2.3 Seasonal Setting  
Using standard climate observations from Scott Base and McMurdo Station, it is possible 

to compare and contrast the general climate conditions during the summers investigated in 

this research (2003-2004 and 2004-2005). At these sites, observations have been made 

since as early as 1957, making it possible to place these two summers in a longer-term 

context and to assess how representative they are. 

 

Long-term observations were obtained from NIWA (National Institute of Water and 

Atmospheric Science) for the manual and automatic weather stations located at Scott Base. 

These data include air temperature, pressure, global radiation, wind speed, and wind 

direction. Additionally, observations of precipitation, cloud cover, wind speed and direction 

for McMurdo Station were obtained from the AMRC (Antarctic Meteorological Research 

Center) archives. While the data from these two locations are considered generally 

representative of the climate in the area, both stations are not located on the ice shelf, and, 

as discussed in section 2.2, exhibit different wind dynamics to elsewhere in the region. 

Therefore, in order to assess the wind environment during the summers of interest, summer 

data were also obtained from archives at the University of Wisconsin for several automatic 

weather stations located in the McMurdo region (Figure 2.2). 

Figure 2.2 Locations of Automatic Weather Stations (AWS) in the McMurdo Region. Data 

from stations Whitlock, Minna Bluff, Linda, Ferrell, Marble Point, and Pegasus North and 

South were used in this research. 
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The distinction of four seasons in Antarctica is difficult to make as most locations exhibit a 

classic ‘coreless’ winter during which temperatures vary only a small amount followed by a 

short peaked summer (Figure 2.3). This cycle makes climatological analysis using a 

standard three-month definition of summer inappropriate (King and Turner, 1997). In an 

attempt to provide an objective definition of the seasons, Périard and Pettré  (1993) defined 

summer as beginning in late November to the end of February for Dumont d’Urville. The 

melt season is also difficult to define, as, while most coastal Antarctic melting occurs in 

December and January (Zwally and Fiegles, 1994), the length of the melt season has been 

shown to vary considerably.  For example, Fahnestock et al. (2002) found that melt season 

on Antarctic Peninsula ice shelves varied between 0 and ~124 days between 1978 and 

2000. Therefore, in order to encompass the melt season, the rest of this research will define 

the summer period as that being November through February, inclusive. 

 

The summers of 2003-2004 and 2004-2005 were distinctly different (Table 2.1). Notably 

the 2004-2005 summer had higher air temperatures, and more precipitation, while 2003-

2004 had higher relative humidity and pressure (Table 2.1). All mean monthly temperatures 

were lower during the 2003-2004 summer, with the exception of December 2003, which 

was 1.4 ºC higher. Monthly maximum temperatures were consistently lower for 2003-2004. 

Overall, these temperatures equated to the 2003-2004 summer being 1.5 ºC lower at 

McMurdo Station and 2.0 ºC at Scott Base than during the 2004-2005 summer. It was 

determined that the summertime temperatures recorded at Scott Base for 2003-2004 were 

Figure 2.3 Mean monthly air temperature at 2100(UTC) recorded at Scott Base for 1964 – 2005. Error bars 

shown are the standard deviation. 
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statistically distinct from 2004-2005 and that 2004-2005 were statistically distinct from the 

long-term mean (Appendix A, Table A.1). 

 

Pressure was highest during the 2003-2004 summer, with all but January being higher than 

in 2004-2005, giving a mean difference of 5 hPa. More precipitation was recorded during 

all summer months of 2004-2005 with the exception of December (Table 2.1). December 

2003 and January 2005 had a particularly high amount of precipitation (Table 2.1). Relative 

humidity varied for each month, with the most exceptional being a 21% decrease between 

Table 2.1 Climate variables from Scott Base and McMurdo Station for a) the 2003-2004 summer period, 

and b) 2004-2005 summer period.  

a) 2003-2004 November December January February 
Nov-Feb 

combined 

McMurdo Station       

Mean temperature (ºC)  -9.6 -2.4 -3.4 -8.8 -6.1 

Maximum temperature (ºC)   0.6 7.0 5.4 1.2 7.0 

Minimum temperature (ºC)  -21.1 -10.0 -15.9 -22.2 -22.2 

Wind speed (m s
-1

)  8.7 8.8 7.7 7.0 8.0 

Wind Direction  71 85 73 64  

Total Precipitation (mm w.e.)  0.7 37.3 5.3 1.3 51.6 

Sky cover (8ths)  5.7 5.5 4.8 5.0 5.2 

       

Scott Base       

Mean temperature (ºC)  -12.5 -4.8 -7.0 -12.6 -9.2 

Pressure (hPa)  989.1 1000.3 991.3 1000.7 995.3 

Relative humidity (%)  64 72 80 71 72 

 

b) 2004-2005 November December January February 
Nov-Feb 

combined 

McMurdo Station       

Mean temperature (ºC)  -6.6 -1.0 -2.3 -8.7 -4.6 

Maximum temperature (ºC)   2.7 6.0 5.7 3.5 6.0 

Minimum temperature (ºC)  -19.4 -8.8 -8.9 -22.7 -22.7 

Wind speed (m s
-1

)  8.4 7.7 8.9 8.9 8.5 

Wind Direction  99 55 99 79  

Total Precipitation (mm w.e.)  9.4 9.9 46.0 4.3 69.6 

Sky cover (8ths)  5.3 4.6 5.8 5.1 5.2 

       

Scott Base       

Mean temperature (ºC)  -9.5 -3.3 -4.6 -11.2 -7.2 

Pressure (hPa)  984.1 997 993.4 985.9 990.1 

Relative humidity (%)  68 71 80 63 71 
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January and February 2005 (Table 2.1). For both summers, the mean wind was from the 

eastnortheast sector with 2004-2005 having the strongest overall winds (Table 2.1). 

 

Both summers exhibited typical climatic patterns as shown in long-term records (Table 

2.2), with an increase in temperature and relative humidity during January and February 

and a decrease in wind speed compared with the winter months yet some features in terms 

of the long-term record can be observed, especially in the air temperature records. 

Table 2.2 Long-term mean variables recorded at Scott Base. The long-term mean of temperature and 

pressure are based on daily 2100 (UTC) observations made from 1957 – 2005. Relative humidity data are 

from automated weather station data daily means from 1988-2005. 

 November December January February 
Nov-Feb 

combined 

Mean temperature (ºC)  -11.1 -4.6 -4.9 -11.2 -6.1 

Pressure (hPa)  987.0 992.5 994.2 993.1 995.3 

Relative humidity (%)  69 74 77 71 72 

 

The air temperature was consistently lower during the summer of 2003-2004 than the long-

term mean (Figure 2.4). In addition, during this summer, pressure was higher than the long-

term record with the exception of February (Table 2.2). Over the four-month summer, 

relative humidity was similar to the long-term mean, with it being slightly low during the 

first two months and then slightly high for the second two. 

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2003/2004 2004/2005

Year

D
e
p
a

rt
u
re

 f
ro

m
 m

e
a
n

 m
o

n
th

ly
 t

e
m

p
e
ra

tu
re

 (
ºC

)

November

December

January

February

Figure 2.4 Departures from the Scott Base monthly mean temperature recorded at Scott Base 

based on daily 2100 (UTC) observations made from 1957 – 2005. 
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The 2004-2005 summer was also distinctive in terms of temperature. During this summer, 

the temperatures were higher than the long term mean for all months except February, 

when the temperature was very similar to the long-term record (Figure 2.4, Table 2.2). 

Pressure recorded during the period was less consistent, with both lower and higher values 

reported, and overall pressure being lower by 1.6 hPa. Relative humidity was overall lower 

than the long-term mean by 2.2 hPa for the summer, although this value was influenced by 

February, which was 7.3 hPa lower the long-term mean for that month. Of note is a 

relatively high mean humidity value (80.2%) reported during January 2005. 

 

In summary, the summers of 2003-2004 and 2004-2005 were dissimilar. The summer of 

2003-2004 was cooler and had higher pressures than the long-term records. Conversely, 

2004-2005 summer was warmer than usual. 
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2.4 Synoptic conditions  
To further explore differences between the two summer periods - and to link atmospheric 

circulation with the microclimate - distinct synoptic conditions were identified using 

synoptic classification. 

 

The only southern high latitude synoptic classification found in the literature was that by 

Braun et al. (2001) for the King George Ice Cap, South Shetland Islands. Unfortunately, 

because their work was based on direction of air mass advection and very site specific it 

could not be used for this research. Therefore, as no pre-existing standard synoptic 

classification which applied to the McMurdo Ice Shelf region was available, a new synoptic 

classification was carried out. 

 

While much recent work has used automated classification systems (Yarnal et al., 2001), 

manual synoptic typing is still a commonly used procedure and allows identification of 

synoptic types that may not be identified using automated processes (Barry and Carleton, 

2001; Yarnal et al., 2001). Misclassification may occur during both manual and automated 

analysis due to the dynamic nature of the atmosphere. In this study, a manual synoptic 

classification was performed. As it is a subjective procedure, manual classification is 

difficult to replicate, so in order to create as an objective approach as possible, the 

following procedure was used. 

 

Composite satellite images focused on the McMurdo Region were obtained from the 

Antarctic Meteorological Research Centre (AMRC), at the University of Wisconsin. The 

composite image consists of a mosaic of infrared imagery from geostationary and polar 

orbiting satellite data, superimposed with surface mean sea level pressure charts (Figure 

2.5). Images are centred over Ross Island, and were compiled for every 12-hour time period 

for November 2003 to February 2004 and November 2004 to February 2005.  

 

Pressure and flow parameters were identified using printed images and a predefined 

window (~800 x 600 km) centered on the McMurdo Ice Shelf (Figure 2.5). For each 12-hr 

composite image, isobar curvature within this window was recorded as either cyclonic, 

anticylconic or indistinguishable. Spacing of isobars was measured as a proxy for intensity 

of the gradient wind, and the direction of the gradient wind for each image was recorded as 
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a compass coordinate. Using these data, a simple classification was performed by splitting 

the images into groups of cyclonic/anticyclonic curvature and by further splitting the 

cyclonic group based on the isobar gradient and wind direction. This process identified 

three distinct classes: a) Cyclonic, isobaric spacing < 4 mb/200 km, wind direction from 

Southern sector; b) Anticyclonic, isobaric spacing > 4 mb/500 km, no discernable wind 

direction; c) Cyclonic, isobaric spacing >4 mb/200 km. Each image was then assigned to a 

class. If all of an image’s parameters did not lie within any of the defined classes’ 

thresholds, the image was assigned to a fourth, undefined class. 91% of the 12-hr composite 

images could be classified into the three distinct classes.  

 

In order to describe the synoptic types that each of these classes represented, the images for 

each class were scrutinised at a larger scale (~1500 km), taking into consideration pressure 

center locations and cloud configuration. A general pattern was identified for each of the 

classes. The three distinct classes were found to represent:   

Figure 2.5 Example of a composite image with mean sea level pressure 

superimposed, used for this research. The black rectangle represents the window used 

in the initial synoptic classification. The white dot is the location of the McMurdo Ice 

Shelf. 
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• Type A: Low pressure system residing in the Ross Sea Embayment. 

• Type B: Anticyclonic conditions across region. 

• Type C: A trough of low pressure extending into the Ross Sea Embayment. 

To further demonstrate that these synoptic types represent differing conditions, 

meteorological data from McMurdo Station and Scott Base were also compiled for each 

type and a Welch t-test was applied for each variable and the synoptic types paired. The 

Welch t-test was used here as the samples had unequal variances. In several cases the 

meteorological data were significantly different between the three synoptic types (Table 

2.3). As each synoptic type is significantly different from the others in at least two climatic 

variables (Table 2.3), it is considered that each type is distinct. 

 

Table 2.3 Pairs of synoptic types showing significant differences in meteorological variables recorded at 

McMurdo Station and Scott Base. Bold pairs are significantly different. 

Variable  Level of significance Synoptic type pairs 

McMurdo Station   

Windspeed <0.05 A & B, A & C 
 not significant B & C 

   

Pressure <0.05 A & B, B & C 
 not significant A & C 

   

Precipitation not significant A & B, A & C, B & C 

   

Cloud cover < 0.05 A & B, A & C 
 not significant B & C 

   

Air temperature  not significant A & B, A & C, B & C 

   

Scott Base   

Air temperature  not significant A & B, A & C, B & C 

   

Relative humidity <0.05 B & C 

 not significant A & B, A & C 

   

Global radiation < 0.05 A & B, A & C 
 not significant B & C 

 

To allow for future analysis on a daily basis (Sections 2.6.1, 2.7.1, 3.6.4, 3.7.4), each day 

needed to be assigned a single synoptic type. Because 12-hour images were used in the 

above analysis, further classification was necessary. To perform this reclassification, each 

day was assigned a synoptic type from Table 2.4. Thus, if both of the 12-hour images for a 

given day were originally assigned the same type, the day was defined as having that type. 
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This reclassification reduced the total number of days able to be classified to 200 (83 %).  

No days had the combination of type A and B, further supporting the suggestion that these 

two types are distinct.  

 

Table 2.4 Synoptic types used to classify each of the 2003-2004 and 2004-2005 summer. Each day assigned 

one of these synoptic types based on the two 12-hour images for that day. 

Type Description No. images Proportion 

A Both 12-hour images Type A as defined in text 66 14% 

B Both 12-hour images Type B as defined in text 122 25% 

C Both 12-hour images Type C as defined in text 98 20% 

AB One image type A, one type B 0 0 

AC One image type A, one type C 59 12% 

BC One image type B, one type C 56 12% 

D One image undefined and one as A,B, or C. Or both images 

undefined. 

81 17% 

 

As it was important to assign each day to a distinct synoptic type, only Types A through C 

are used for further analysis as the other types are considered transitional and, by definition, 

not distinct. The following describes each of the three distinct synoptic types. 

 

2.4.1 Type A: Low pressure system residing in the Ross Sea Embayment 
This type is characterised by a deep low-pressure system located within the Ross Sea 

Embayment. The low-pressure systems originate in the circumpolar trough, and migrate 

into the Ross Sea Embayment, where they remain for several days (King and Turner, 

1997). Because of the positioning of these systems (Figure 2.6a), air is drawn from the 

Ross Sea, across the Ross Ice Shelf and towards the study site from the south. Type A 

conditions occurred more frequently in 2004-2005 summer with a 5% difference between 

the summers (Table 2.5).  

 

McMurdo Station received its strongest winds during this type of situation (Figure 2.9), 

these were from the southeast sector. Winds in the wider region were strong and 

predominantly from the south and southwest (Figure 2.6b). Mean atmospheric pressure at 

Scott Base was relatively low during Type A conditions especially in comparison to those 

during Type B conditions (Table 2.6). The mean temperature during Type A conditions at 

Scott Base was higher than during the other conditions (Table 2.6). Relative humidity was 

not higher than during Type B conditions, which would be expected, but it was higher than 
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during Type C conditions. Cloud fraction was the highest during Type A conditions, and 

global radiation at Scott Base was lower than during other situations (Table 2.6).  
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a) 

b) 

Figure 2.6 Synoptic Type A, Low pressure system residing in the Ross Sea Embayment a) typical 

synoptic chart, b) mean daily winds at surrounding automatic weather stations (AWS). 
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2.4.2 Type B: Anticyclonic conditions across region 
The second situation was typified by anticyclonic conditions over the Ross Ice Shelf 

(Figure 2.7a). Regional pressures are high (Table 2.6), and gradient winds were minimal. 

These situations usually coincided with low-pressure systems tracking to the north of the 

Ross Sea Embayment, but not encroaching into it. Winds were lighter and more variable 

than during Type A conditions (Figure 2.7b), although some stronger winds were received 

from the southeast. Winds were variable in the vicinity of Ross Island AWS in the 

immediate vicinity of McMurdo Ice Shelf are variable but generally are low strength with a 

southeast to southwest origin (Figure 2.7b). Type B conditions were recorded more than 

twice as often during the 2003-2004 summer compared with 2004-2005 (Table 2.5). 

 

Mean air temperature at McMurdo Station was over 1ºC higher during Type B conditions 

than Type A (Table 2.6), which may be accounted for by the surrounding land and 

overlying air warming up during lower wind speeds and high insolation. Relative humidity 

was also higher during these conditions. Pressure, on average, was 8 hPa greater than 

during for Type A conditions (Table 2.6). Global radiation received at Scott Base was the 

maximum during these conditions and cloud fraction the lowest (Table 2.6) which would 

be expected during anticylonic systems.  

 

2.4.3 Type C: Trough of low pressure extending into the Ross Sea 
Embayment 

While most synoptic scale low-pressure systems do not track into the Ross Sea 

Embayment, there are periods when the pressure in the area is reduced by a trough 

extending into the embayment (Figure 2.8a). This occurs when a low-pressure system is 

situated to the north of the embayment and travelling eastward.  

 

Type C conditions were the most frequent during 2004-2005, accounting for 26% of of this 

summer (Table 2.5). The winds recorded at McMurdo Station were variable but most 

coming from the east and northeast (Figure 2.9). Winds were variable across the region 

with an apparent northeasterly showing at three AWS in agreement with the winds from 

McMurdo (Figure 2.8b). 
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b) 

Figure 2.7 Synoptic Type B, anticyclonic conditions across region a) typical synoptic chart, b) 

mean daily winds at surrounding automatic weather stations (AWS). 

a) 
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Figure 2.8 Synoptic Type C, Low pressure extending into the Ross Sea Embayment a) typical 

synoptic chart, b) mean daily winds at surrounding automatic weather stations (AWS). 

a) 

b) 
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The mean temperature during this situation was in-between the other two types, yet the 

coldest for Scott Base (Table 2.6).  Mean atmospheric pressure was also intermediate 

between Type A and Type B pressures, but closer to that experienced during Type A. 

(Table 2.6). The most outstanding feature of Type C conditions was the low relative 

humidity (Table 2.6). These conditions dominated February 2005, and explain the 

apparently low humidity then. One possible explanation is that during these conditions the 

drier air of the continent is drawn towards Scott Base, as low temperatures accompany the 

low humidity.  

 

 

Table 2.6 Mean daily surface climatic conditions during the three synoptic classes defined in text taken from 

Scott Base and McMurdo Station. Note of the periods analysed November 2003 – February 2004 and 

November 2004 – February 2005. 

 

 

 

 

 

 

 Type A Type B Type C 

McMurdo Station     

Mean temperature (ºC)  
-6.4 -5.0 -5.3 

Wind speed (m s
-1

)  
12.6 7.4 7.6 

Wind Direction (º)  
106  46 62 

Mean precipitation (mm w.e.)  
1.33 0.17 0.26 

Sky cover (8ths)  
6.8 5.0 4.7 

     

Scott Base     

Mean temperature (ºC)  
-7.3 -7.6 -7.7 

Pressure (hPa)  
990 998 992 

Relative humidity (%)  
72 75 67 

Global radiation (MJ m
-2

d
 –1

)  
19.4 23.7 23.5 

Table 2.5 Frequency of classified synoptic types during November 2003 – February 2004 and November 

2004 – February 2005. 

Type Description 03/04 04/05 

A 
Low pressure system residing in the Ross 

Sea Embayment 11% 16% 

B Anticyclonic conditions  across region 34% 15% 

C 
Trough of low pressure extending into 

the Ross Sea Embayment 13% 26% 
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Figure 2.9 Wind speed and direction recorded at McMurdo Station during the summers of 2003-2004 and 

2004-2005 according to synoptic type as defined in text. 
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2.5 Field instrumentation and deployment  
In order to explore the microclimate of the surface of the McMurdo Ice Shelf (Sections 2.6, 

2.7) and to calculate surface energy balance (Chapter 3), a customised automatic weather 

station (AWS) was deployed on the ice shelf during the summers of 2003-2004 and 2004-

2005. Additionally, direct measurements were made of turbulent fluxes using an eddy 

covariance system and of net ablation using stakes.  

 

2.5.1 Sites and sampling regime  
The AWS was located on an area of debris-covered ice for a period during the summer of 

2003-2004 and on a bare ice site during 2004-2005. The positioning of the instrumentation 

was carefully chosen so that measurements were representative of the bare ice and debris-

covered ice sites. Energy balance measurements require an extensive fetch of the surface 

type so that advective effects can be assumed negligible. In the case of the bare ice site, this 

positioning was simple as the surface is similar in all directions for many kilometres. At the 

debris-covered ice site, the instruments were located for the largest possible homogenous 

fetch.  

 

The debris-covered ice site was located in an area of ice covered by a layer of debris, near 

the end of Brown Peninsula (Figure 2.11). The area had low, rolling topography with 

frozen ponds in the hollows. The AWS was located on a level site, such that it was 

surrounded by as much level ground as possible. In order to account for the high variation 

in topography, the AWS was also sited with respect to the predominant wind direction. The 

AWS was placed in a relatively wide and elongated hollow, oriented in the direction of the 

reported prevailing wind direction (See Figure 2.1). Upwind (southeast) there was 

approximately 90 m of level debris-covered ice, while downwind (northwest) there was 

approximately 75 m of level debris-covered ice and then a frozen pond. To either side of 

the basin were small rolling mounds up to 3 m. The debris layer here was approximately 

0.60 - 1.00 m thick, and consisted of sand and gravel with occasional coarser material. This 

site was instrumented for 87 days during the summer of 2003-2004, and for 11 days in 

early summer of 2004-2005 (Figure 2.10). Although the observations at the two sites cover 

different periods, they are both sufficiently long to provide a broad indication of the 

conditions and allow comparisons.  

 



 

- 42 – 

 

The bare ice site was located on an exposed ice surface to the east of Brown Peninsula 

(Figure 2.11). The ice in the area consisted of both white bubbly ice and blue glacier ice 

and was free of debris. The topography was level in all directions (Figure 2.12). The bare 

ice site was instrumented for 48 days during the 2004-2005 summer (Figure 2.10).  

 

Figure 2.11 Location of surface energy balance measurements bare ice, and debris-covered ice. For 

topographical feature names, please refer to Figure 1.2.  

 

3 days

2 0 0 3 2 0 0 4 2 0 0 5

Oct Nov Dec Jan Feb Nov Dec Jan Feb

87 days 11 days
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3 days

Debris-

covered site

Bare ice site

Figure 2.10 Overview of automatic weather station (AWS) sampling period. The 3-day periods indicate 

eddy covariance measurement. 
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Figure 2.12 Sampling sites used to measure the microclimate and radiation budget in the 

ablation area of the McMurdo Ice Shelf, showing the automatic weather station (AWS) 

customised for this research a) Bare ice surface, with inset showing specially made legs. b) 

Debris-covered ice. 

a)  

b)  
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2.5.2 Instrumentation and data treatment 
 

Automatic weather station 

The automatic weather station was designed for easy installation and transportability by 

helicopter (all components < 2 m). Sensors were mounted on a pole (Figure 2.13) supported 

by a fully adjustable tripod, which allows the pole to be installed vertically on uneven 

ground. At the debris-covered ice site, the AWS was free standing, with the tripod resting 

directly on the debris surface (Figure 2.12b). At the bare-ice site, in order to prevent any 

tilting due to differential ablation, each of the tripod legs was attached to a custom-made 

ice screw (~ 1 m), which was drilled vertically into the ice (Figure 2.12a & inset).  
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Figure 2.13 Configuration of automatic weather station (AWS) used in measurement of the 

radiation budget and surface energy balance. Subsurface measurements were only used for 

debris-covered ice site. Surface height only used for bare ice site. Heights indicated are 

those for the initial conditions at the debris-covered ice site. 
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Power was supplied to the AWS system using gel cell batteries, recharged with solar panels 

(Figure 2.12). Data were recorded using a Campbell Scientific CR23X data logger. All the 

sensors were sampled at one-second intervals and averaged half hourly. Sensors were 

chosen to be suited to the environment; model numbers and accuracies of all the sensors are 

outlined in Table 2.7.  

 

Table 2.7 Sensors used on the AWS with manufacturers specifications. 

Sensor Temperature 

Range 

Reported accuracies 

Vaisala HMP45C -40 to +60 °C ± 0.4ºC (-20ºC) 

±2 %RH (0...90 %RH) 

±3 %RH (90...100 %RH) 

Vector A100LM  -30 to +70 °C 1% of reading between 20Kts and 110Kts (up to 

2% above 110Kts, 0.2Kts below 20Kts) 

Vector W200P -50 to +70 °C ± 3° in steady winds over 5m/s (6m/s /WR, 3.5m/s 

/LV), with +/-2° obtainable following calibration. 

Everest I.R. Surface Temperature 

Sensor (4000.4GL) 

-40 C to 100 °C +/- 0.5 deg C 

VAISALA PTB100B -40 to +60 °C -20...+45 °C  PT100B: ±3 hPa   

-40...+60 °C  PT100B ±4 hPa 

Campbell Scientific SR50 Sonic 

ranging sensor 

-30 to +50 °C ± 1 cm or 0.4% of target height (whichever is 

greater) 

Kipp & Zonen CNR1 -40 - +70 °C Daily totals ± 10% 

 

 

Radiative fluxes were measured directly using a Kipp and Zonen CNR1 system mounted on 

the AWS (Figure 2.12, 2.13). This system has both upward and downward facing 

pyranometers (short-wave) and pyrgeometers (long-wave), as well as an internal  

thermistor (pt100), which was used to adjust long-wave fluxes with reference to sensor 

temperature, as measurements of long-wave radiation are sensitive to the sensor heating 

and cooling. The following temperature correction was applied: 

4

sensormeasured TLL σ+↑↑=  

4

sensormeasured TLL σ+↓↓=  

2.1 

2.2 

 

where σ is the Stefan-Boltzmann constant (5.67 x 10
-8 

W m
-2

 K
-4

), Tsensor is the temperature 

measured by the internal thermistor and the measured subscript refers to the raw measured 

radiative fluxes.  
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The CNR1 system is also reported to have a poor cosine response when used during large 

solar zenith angles (Campbell Scientific Inc., 2003a; van den Broeke et al., 2004b; van As 

et al., 2005a). Although not an issue when the sky is overcast, during clear-sky days this 

response can cause considerable problems, including albedo values greater than unity. 

Following a similar method to other researchers (cf. van den Broeke et al., 2004b; van As 

et al., 2005b), this issue was overcome by determining an accumulated albedo value and 

adjusting the incoming short-wave radiation accordingly. 

 

Temperature of the ice shelf surface was measured using an Everest infrared surface 

temperature sensor (4000.4GL). This sensor was mounted facing towards the surface, 

pointing to an area between the tripod legs. Observations of pressure were made with a 

Vaisala PTB100B positioned in the box containing the data logger (Figure 2.12). Wind 

direction was recorded using a Vector W200P mounted at the top of the AWS pole (Figures 

2.12, 2.13).  

 

Vertical profiles of temperature, wind speed and humidity were measured using sensors at 

two heights (Figure 2.13). At the debris-covered ice site, these heights were 0.57 and 1.96 

m, and at the bare ice site, they were 1.04 and 1.99 m. At both levels, temperature and 

humidity were measured using a Vaisala sensor (HMP45C) and wind speed with a Vector 

anemometer (A100LM). The HMP45C was housed in a radiation shield (Figure 2.12) 

which allows for natural ventilation, and stops direct heating from the sun. Despite being 

housed in a shield, due to the lack of artificial ventilation, temperatures could be 

overestimated during periods of low wind speed and strong insolation. 

 

As the HMP45C measures relative humidity with respect to water rather than ice, readings 

below freezing are likely to be unrealistically low. Here, the method by Anderson (1994) is 

used to rescale the relative humidity with respect to ice (e.g. Box and Steffen, 2001; van 

den Broeke et al., 2004a; van As et al., 2005a; and Cullen et al., 2007b). In order to do this 

rescaling, the measured relative humidity is first multiplied by the ratio of saturated vapour 

pressure with respect to water over saturation vapour pressure with respect to ice for the 

given temperature. Saturation vapour pressures were determined using Goff Gratch type 

formula from WMO (2000). The second stage of the rescaling is based on the original 

sensor temperature scaling (a quadratic). However, this stage was not applied here, because 
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the temperature range was too small to allow fitting a realistic, plausible, quadratic equation 

to the data. Additionally, the temperature values were well within the sensor’s range (–10 

to 0 ºC), further suggesting that the data are centred around the turning point of the original 

quadratic temperature correction curve, where the correction factor would be close to unity 

anyway. Super-saturation is not accounted for as the instrumentation is unable to measure 

such values (Box and Steffen, 2001) and its occurrence was found to be infrequent on an 

AWS located on Halley Ice Shelf (Anderson, 1996). The sensor was brand new when first 

deployed to the study site, and factory calibrated, but calibration was not performed prior to 

the second field season or subsequently. 

 

At the debris-covered site, subsurface debris temperature was determined using temperature 

probes (Campbell Scientific 107) placed within the debris, at depths of 0.15 m and 0.30 m 

(Figure 2.13). Also, at the bare ice site, surface ablation was determined using an ultrasonic 

depth gauge (Campbell Scientific SD50). Treatment of the ablation data will be discussed 

in chapter three (Section 3.4.2).  

 

Ablation stakes 

To validate modelled surface mass balance (Chapter three), during the 2004-2005 summer, 

ablation stakes were placed on similar surfaces in the vicinity of the bare ice site (one 

approximately 5 m away, and two approximately 2 km away). These ablation stakes 

consisted of hollow white PVC poles drilled into the ice. The net surface mass balance was 

determined by measurement of the length of exposed pole at the start and the end of the 

sampling period indicated in Figure 2.10.  

 

Eddy covariance system 

In order to validate turbulent fluxes modelled in chapter three and to enable determination 

of atmospheric roughness lengths, turbulent fluxes were directly measured at each site for a 

short period with a fast-response eddy covariance system (Figure 2.14). This system 

comprised a 3D sonic anemometer (Campbell Scientific CSAT3) and a Krypton 

Hygrometer (KH20) connected to a CR10X data logger, and mounted on a small tripod. 

The eddy covariance system was installed approximately 5 m from the AWS at the debris-

covered ice site from Day 314 to Day 318 2004 and approximately 4 m from the bare ice 

site for four days from Day 338 to Day 342, 2004 (Figure 2.10). The height of the midpoint 
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Figure 2.14 Eddy covariance system used 

for validation of the surface energy 

balance modelled in chapter three - shown 

at the bare ice site, December 2004. 

of the sonic anemometer was 1.11 m from the surface at the bare ice site and 1.31 m at the 

debris-covered ice site. Sampling was at 10 Hz and vertical velocity, air temperature and 

humidity covariances were determined for 30 minute periods. No specific de-spiking or 

detrending was applied as the raw, high resolution data were not stored. 

 

During installation and measurement using eddy 

covariance systems, it is difficult to align sensors so 

that the mean crosswind component is equal to zero 

(Finnigan et al., 2003). This problem is usually 

overcome by applying a post processing coordinate 

rotation. As no high frequency data were recorded, 

coordinate rotation was not performed here.  In order 

to reduce this problem, during installation the CSAT 

sonic anemometer was pointed into the predominant 

wind direction, as well as being levelled regularly. 

This levelling combined with a near flat surface 

should minimise the influence of non-horizontal 

wind flow. 

 

Due to difficulties using fine-wire thermocouples in 

this environment, the sonic anemometer was also 

used to record the air temperature. During the 

measurement period no blowing snow was observed. 

In addition, several corrections are often made to 

eddy covariance datasets, these are discussed in 

section 3.4.1. 
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2.6 Debris-covered ice microclimate 
The debris-covered ice site was characterized by large variability in most climate variables. 

Of particular note is a large range of air and surface temperatures (Table 2.8), with a span 

of 28.4 ºC and 46.4 ºC respectively.  

 

While some excessive air temperatures may be recorded due to the lack of artificial 

aspiration of the sensors (Section 2.5.2), some of the variability can be partly explained by 

the measurement period capturing seasonal change - with a sharp increase in temperatures 

for the region during December (Figure 2.3). Large surface temperature variations are to be 

expected given the nature of the surface.  

 

The surface at the debris-covered ice site changed throughout the measurement period. At 

the beginning of the measurement period, the debris was blanketed in snow from the winter 

approximately 0.30 m deep. Over time, as this snow ablated, the albedo decayed and the 

debris became fully exposed at approximately Day 341. This snow maintained a high 

albedo and therefore restricted the total amount of net radiation (Figure 2.15). Over the 

entire measurement period, the mean daily albedo of the debris-covered site was 0.20, but 

during the periods when no snow was present (after Day 341), the mean albedo was 0.12. 

Fresh snowfall after this date also increased the albedo (Figure 2.15). The minimum albedo 

Table 2.8 Climate variables recorded at the Debris-covered ice site for the period Day 299, 

2003 – Day 16, 2004. Temperature and relative humidity are taken from 1.99 m.  

 Mean Minimum Maximum 

Air temperature (ºC)  -5.8 -22.5 5.9 

Surface temperature (ºC) 0.3 -21.2 25.2 

0.15 m Subsurface temperature (ºC) * 2.5 -0.1 7.1 

0.30 m Subsurface temperature (ºC) -4.9 -16.5 2.0 

Wind Speed (m s
-1

) 3.5 0.1 14.4 

Wind direction (º) 87 - - 

Relative humidity (%) 63 30 97 

Pressure (hPa) 1004.7 989.1 1022.8 

Net radiation (W m
-2

) 145.9 -74.9 560.1 

Mean albedo 0.20 0.04 0.92 

* Due to sensor problems the 0.15 m subsurface temperature was only available from the 

later part of the measurement period (Day 353, 2003 – Day 16, 2004). 
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recorded is very low (0.04) and is likely to be a result of a wet surface and/or problems with 

instrumentation when the solar zenith angle is large (see section 2.5.2). Throughout the 

period of measurement, the surface temperature was consistently higher than the air (Figure 

2.16) indicative of instability.   

 

Albedo of the surface had a large effect on the radiation budget. At the beginning of the 

measurement period, all components of the radiation budget were low (Figure 2.15). After 

the initial snow ablated, all the components of the radiation budget increased (Figure 2.15). 

Over the period, the mean net short-wave radiation was 231 W m
-2

 with a range of 64 to 

404 W m
-2

. Net long-wave radiation had a mean of  -86 W m
-2

, ranging from –13 to –147 

W m
-2

. 

 

Figure 2.15 Mean daily radiation budget measured at the debris-covered ice site on the McMurdo Ice Shelf, 

Day 299 2003 – Day, 16, 2004. a) Net radiation, b) Short-wave radiation showing positive incoming (grey 

bars) and negative outgoing (white bars) and net (black line) c) Long-wave radiation, presented as for short-

wave, and d) albedo.  
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Wind at the debris-covered ice site was variable during the measurement period, with the 

mean wind coming from the eastern sector (Figure 2.19). Also frequent were winds from 

the southeast and northwest, which is aligned with the topography (described in section 

2.5.1). The majority of the 30 minute mean winds during the measurement period were 

relatively low speed (< 5 m s
-1

). The strongest wind speeds observed were from the 

southeast (Figure 2.19). Relative humidity and pressure also varied considerably 

throughout the measurement period (Figure 2.16). Relative humidity increased in the 

second half of the measurement period, when the debris surface was free of snow (Figure 

2.16). Absolute humidity also increased because temperatures were higher at this time as 

well. 

  

Figure 2.16 Mean daily climate variables at the debris-covered ice site on the McMurdo Ice Shelf. Day 299, 2003 

– Day 16, 2004. 
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During the measurement period several snowfall events were recorded at McMurdo 

Station. The most notable of these events occurred around Day 335, 2003 and resulted in 

precipitation of 11.9 mm w.e. Although no precipitation observations were made at the 

debris-covered ice measurement site, snowfall is apparent as evidenced by changes in 

albedo (Figure 2.15). High relative humidity, wind speed and increased temperatures 

accompanied this event, as well as increased long-wave radiation and decreased short-wave 

(Figure 2.15, 2.16). During the precipitation event the net short-wave radiation, net long-

wave radiation, and net radiation were all reduced significantly (Figure 2.15). These 

climatic situations are typical of a large cyclonic system entering the Ross Sea Embayment, 

such as during Type A conditions.  

 

2.6.1 Synoptic conditions and debris-covered ice microclimate 
During Type A conditions the debris-covered ice site meteorological conditions were 

distinctive. Noticeably, the wind speed was higher, while temperature and relative humidity 

were lower than during other synoptic conditions (Table 2.9). Winds during these 
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Figure 2.17 Wind speed and direction recorded at the Debris-covered ice site during the measurement 

period (Day 299, 2003 – Day 16, 2004). 
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conditions were strong and from the southeast (Figure 2.18). A lower temperature during 

these conditions is probably due to the cooler air being brought across the debris surface. 

Supporting the synoptic classification, Type A had the least short-wave and highest long-

wave radiation receipts (Table 2.9), indicative of cloudy conditions. 

 

High pressure was the principal characteristic of Type B conditions (Table 2.9). These 

conditions also had associated lower wind speed than during other synoptic types, 

especially compared with Type A. The winds were from varying directions, but 

predominantly from the northeast (Figure 2.17). Such wind conditions are to be expected 

during this synoptic conditon as there is no gradient wind, and localized effects can occur. 

Temperatures are higher during these conditions, due to high net radiation, low wind 

speeds, and the heating of the surface and thus the overlying air. As is common during 

periods of high pressure, Type B had clear skies, shown by having the highest incoming 

short-wave radiation and lowest long-wave radiation for the site (Table 2.9). The 

measurement period (Day 299, 2003 to Day 16, 2004) was dominated by Type B 

conditions.  

 

Type C conditions appear to be between Type A and B in all meteorological variables with 

the exception of pressure, which was only 0.5 hPa less that during Type A conditions. The 

winds were variable, with a the strongest (5 –10 m s
-1

) coming from the northwest.  

 

Table 2.9 Mean daily surface climatic conditions experienced at the debris-covered ice site during the three 

synoptic classes defined in text. 

 Type A Type B Type C 

Temperature (ºC) -5.8 -4.7 -4.9 

Wind speed (m s
-1

) 4.9 3.0 3.5 

Wind direction (º) 120 64 88 

Relative Humidity (%) 57 69 62 

Pressure (hPa) 1001.5 1010.7 1001.0 

Incoming short-wave radiation (W m
-2

) 198.9 329.4 276.3 

Incoming long-wave radiation (W m
-2

) 238.9 212.9 222.6 
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 Figure 2.18 Wind speed and direction recorded at the debris-covered ice site  during the summers of 

2003-2004 according to synoptic types as defined in text. 
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2.7 Bare ice microclimate 
In contrast to the debris-covered ice site, the bare ice site is characterised by low 

temperatures and high humidity (Table 2.10).  The mean air temperature was –2.3 ºC, with 

a range of 12.6 ºC. Compared to the debris-covered ice site, this range is small. On the 

whole, the air temperature was higher than the surface (Figure 2.19), which suggests 

stability (common over ice bodies). This inversion occurs primarily at the beginning and 

end of the measurement period but is variable and can change throughout the day. The bare 

ice site surface temperature varied throughout the measurement period with a net cooling 

effect (Figure 2.19). The mean daily surface temperature was raised to melting point during 

Days 4, 5 and 7, 2005. The surface also reaches melting point for shorter intervals during 

the measurement period (not shown). 

 

While the mean wind speed at the bare-ice site was lower than that measured at the debris-

covered ice site, the maximum measured wind speed of both sites was at the bare ice site 

(Table 2.8, 2.10). Most of the high winds occurred between day 3 and day 9, 2005, and for 

a short time at the beginning of the measurement period (Figure 2.19). Over the 

measurement period, the mean wind direction was from the eastnortheast, but as the winds 

were variable (Figure 2.21), the mean is not a good representation. Strong winds during the 

measurement period were from the southern sector, while the majority of winds came from 

the northeast. Lighter winds are shown to come from the northwest (Figure 2.21). The 

majority of the half hour mean wind speeds were between 0 and 5 m s
-1

. 

Table 2.10 Climate variables recorded at the bare ice site for the period Day 342, 2004 – 

Day 21, 2005. Temperature and Humidity are from 1.96 m.  

 Mean Minimum Maximum 

Air temperature (ºC)  -2.3 -9.1 3.5 

Surface temperature (ºC) -3.4 -13.8 1.1 

Wind Speed (m s
-1

) 3.0 0.1 16.2 

Wind direction (º) 64 - - 

Relative humidity (%) 79 35 97 

Pressure (hPa) 1005.1 993.7 1021.4 

Net radiation (W m
-2

) 51.8 -63.8 237.8 

Mean albedo 0.64 0.44 0.97 
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Figure 2.19 Mean daily climate variables at the bare ice site on the McMurdo Ice Shelf. Day 341, 2004 – Day 22, 

2005. 

Figure 2.20 Mean daily radiation budget measured at the bare ice site on the McMurdo Ice Shelf, Day 341, 2004 – 

Day, 22, 2005. a) Net radiation, b) Short-wave radiation showing positive incoming (grey bars) and negative 

outgoing (white bars) and net (black line) c) Long-wave radiation, presented as for short-wave, and d) albedo.  
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Net Radiation varies considerably, from 8 to 96 W m
-2

, with a mean of 52 W m
-2

 (Figure 

2.20). Net short-wave radiation is positive throughout the measurement period representing 

a net source of energy ranging from 31 to 185 W m
-2

, while net long-wave radiation is 

negative, indicative of a loss, and ranges from -15 to -99 W m
-2

. All components were 

considerably decreased during the period Day 3 – 9, 2005 (Figure 2.20).  

 

The reduction in the radiation budget during the event of Day 3-9 can be partly attributed to 

changes at the surface. For example, the snow cover causes an increase in albedo (Figure 

2.20). The effect of a change in albedo is primarily on net short-wave radiation and 

consequently on net radiation (Figure 2.20). Also, between Day 3 and Day 9 2005, the 

surface temperature increased (Figure 2.19). As highlighted earlier (Section 2.1.1), the 

surface temperature directly controls the emitted long-wave radiation. Although the 

incoming long-wave radiation may be increased due to cloud cover, the emitted long-wave 
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Figure 2.21 Wind speed and direction recorded at the bare ice site during the measurement period 

(Day 341, 2004 – Day 23, 2005). 
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radiation associated with a higher surface temperature offsets this increase, resulting in a 

small net long-wave radiation. These conditions are likely to occur during a Type A 

situation (discussed below).  

 

The albedo of the bare ice site changes throughout the measurement period (Figure 2.20), 

with the mean daily range varying between 0.57 and 0.76 and an overall mean of 0.63. The 

albedo increases appreciably on Day 4 in conjunction with the considerable snowfall 

recorded at McMurdo Station. Other snowfall events recorded at McMurdo Station appear 

to be region-wide, as they affect the albedo at the bare ice site, although these are more 

subtle.  

 

2.7.1 Synoptic conditions and bare ice microclimate 
Links between the distinct synoptic types and the microclimate at the bare ice site were 

varied. The most obvious effects were shown in the wind data. 

  

During Type A conditions, wind speed, temperature and relative humidity were all 

increased, while pressure was low (Table 2.11). Wind measured during these conditions at 

the bare ice site was strong (10 – 15 m s
-1

), and from the south (Figure 2.22). The mean 

temperature during Type A conditions at the bare ice site was higher than during the other 

conditions (Table 2.11) as would be expected if the air is being drawn in to the site from the 

Ross Sea as described in section 2.2. Similar to what occurred at the debris-covered ice, 

incoming short-wave radiation was reduced and incoming long-wave radiation increased 

during Type A conditions (Figure 2.21). A relatively high humidity (80%) supports the 

theory of warm, moist air being transported to the area (Section 2.2). 

 

During Type B conditions, at the bare ice site, winds were light and came from the 

northeast sector (Figure 2.22). Low wind speeds (0 - 5 m s
-1

) occurred more often for Type 

B conditions than for Type A with the mean being 2.7 m s
-1

. The bare ice site had a mean 

air temperature of -1.6 ºC during Type B conditions, 1 ºC lower than during Type A 

conditions (Table 2.11). Relative humidity at the bare ice site is slightly lower than during 

Type A conditions (Table 2.11), Pressure, on average, is 20 hPa greater than during for 

Type A conditions (Table 2.11). Mean daily incoming short-wave radiation is considerably 
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higher (by 155 W m
-2

) than during Type A conditions, showing that Type B had much 

clearer skies. 

Table 2.11 Mean daily surface climatic conditions experienced at the bare ice site during the three synoptic 

classes defined in text. 

 

 

 

 

 

 

 

 

 

Type C was the most common situation during the measurement period of 2004-2005, 

occurring on 45% of days able to be classified. As experienced at the debris-covered ice 

site, Type C microclimate conditions are generally in-between Type A and Type B. The 

mean temperature during this situation (-2.7 ºC) was considerably lower than for Types A 

and B (Table 2.11). Mean atmospheric pressure at the bare ice site, 1003 hPa, which is 

intermediate between Type A and Type B pressures (Table 2.11). Mean daily incoming 

short-wave radiation was much higher than for Type A, and close to Type B conditions, 

suggesting reasonably clear skies. Supporting this assumption is the fact that the minimum 

mean incoming long-wave radiation occurred during these conditions (Table 2.11). 

 

 Type A Type B Type C 

Temperature (ºC) -0.6 -1.6 -2.7 

Wind speed (m s
-1

) 9.3 2.7 3.6 

Wind direction (º) 167 38 32 

Relative Humidity (%) 82 77 77 

Pressure (hPa) 999.3 1009.3 1003.1 

Incoming short-wave radiation (W m
-2

) 177.9 333.4 324.9 

Incoming long-wave radiation (W m
-2

) 281.7 237.0 234.6 
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Figure 2.22 Wind speed and direction recorded at the bare ice site  during the summer of 2004-2005 

according to synoptic types as defined in text. 
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2.8 Summary 
The climate of the McMurdo Ice Shelf area is complex with several different air masses 

drawn into the area and winds strongly affected by local topography. The summers 

investigated for this research had similar meteorological conditions to the long term mean. 

However, the summer of 2003-2004 was slightly cooler than the long term mean and had 

higher than normal pressure. The summer of 2004-2005 was warmer than usual.  

 

Three distinct synoptic types were found to occur during the summer, these were:   

• Type A: Low pressure system residing in the Ross Sea Embayment. 

• Type B: Anticyclonic conditions across region. 

• Type C: A trough of low pressure extending into the Ross Sea Embayment. 

 

Differences between the two summers can be explained by the frequency of different 

synoptic situations occurring. During the 2003-2004 summer, conditions were often 

anticyclonic (Type B), with low wind speeds and clear skies. During the 2004-2005 

summer, there were more Type C conditions, causing increased cloudiness and wind 

speeds. During 2004-2005 Type A conditions occurred more frequently than in 2003-2004 

which resulted in high wind speeds and precipitation.  

 

The microclimate of the McMurdo Ice Shelf is strongly affected by the surface type in 

summer. Debris-covered ice has an extremely large temperature range and conditions are 

affected considerably by snow. Bare ice, was cooler, and had less range in temperatures. 

The debris-covered ice and bare ice are affected differently during the various synoptic 

conditions. During Type A conditions at the debris-covered ice site temperature was 

reduced. Conversely, the temperature was increased at a bare ice site during type A 

conditions.  The microclimate has an important influence on the surface energy and surface 

mass balance at the sites, which is explored in chapter three. 
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  Surface energy and surface mass 
balance 

 

3.1 Introduction 
 

The surface energy balance (SEB) helps determine how much energy is available for 

ablation. Examining the distinctive characteristics of the surface energy balance enables an 

understanding of sources and sinks of energy. In order to identify the distinctive 

characteristics of surface energy and surface mass balance of an ice shelf ablation area point 

based surface energy balances are determined by adapting an existing surface energy 

balance model and running it for the two dominant surfaces found in the ablation area of the 

McMurdo Ice Shelf: bare and debris-covered ice. Specifically the following questions are 

addressed:  

• What is the relative importance of the sources of energy at the ice shelf surface?  

• How and when does ablation occur?  

• Are there characteristic surface energy or surface mass balances for different synoptic 

situations? 

  

The first section of this chapter introduces the energy balance model used in this research; it 

then describes the adaptations that are made to the model in order to run it for debris-

covered ice. The next section describes how the model is run for the McMurdo Ice Shelf 

including descriptions of the run periods, specific variables and assumptions made. Then the 

performance of the adapted model is validated against measured variables. Ensemble runs 

are then used to test and determine the sensitivity of the model. The surface energy and 

surface mass balance is then presented for both surface types for the measurement periods, 

then with respect to the synoptic conditions, and the previous research. The chapter 

concludes with a summary of the main findings. 

  

3 
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3.2 Model description 
SOMARS (Simulation of glacier surface Mass balance And Related Sub-surface processes) 

is a glacier surface mass balance model and is used as a foundation for this research. This 

model was originally developed and tested successfully for the ETH-Camp, West Greenland 

(Greuell and Oerlemans, 1986; Greuell and Konzelmann, 1994). Since then, it has been used 

in several applications and been adapted for the treatment of capillary water and runoff (Zuo 

and Oerlemans, 1996; Greuell and Smeets, 2001; Reijmer and Oerlemans, 2002; Bougamont 

et al., 2005; Erath, 2005). The model has been made freely available and is supplied with the 

Fortran source code so that it can be easily customised.  

 

The model computes surface mass balance at several points along a glacier centre line. It can 

be considered as having two main parts: a surface energy balance component (Section 3.2.1) 

and a sub-surface component (Section 3.2.2). The surface energy balance component 

calculates the energy exchange between the atmosphere and the surface, while the englacial 

component determines sub-surface processes including conduction, downward percolation 

of water, penetration of short-wave radiation, densification, and runoff of meltwater. The 

surface mass balance for each point is then computed as the sum of precipitation, 

condensation, sublimation/evaporation and runoff (Bougamont et al., 2005). With the 

exception of precipitation (which is an input into the model), all of these variables are 

computed within the model. Other processes of ablation/accumulation (O in Equation 1.1) 

are not considered in the SOMARS model.  

  

The model can be forced by daily means of temperature, relative humidity, wind speed, and 

cloud cover from a climate station located outside the thermal influence of the glacier, or by 

a set of more comprehensive measurements recorded more frequently at an AWS situated on 

the glacier. Temporal resolution of the model is not constrained, and can be specified by the 

user.  

 

In order to allow comparisons of surface energy balance between debris-covered and clean 

ice, SOMARS is adapted in this study by modifying latent heat flux for debris-covered ice 

and by creating a separate debris sub-surface component (Section 3.2.3). 
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3.2.1 Surface energy balance calculation 

Components of the surface energy balance (Equation 1.7) are either taken from 

measurements or calculated as follows. 

  

Turbulent flux calculations are based on the Monin-Obukhov similarity theory and are given 

by: 

**θρ ucQ paH =   3.1 

**quLQ aE ρ=  3.2 

where aρ  is the air density (kg m
-3

), cp is the specific heat capacity of air (J kg
-1

 K
-1

), L is 

the latent heat of sublimation or evaporation  (2.8 x 10
6
 or 2.5 x10

6 
J kg

-1
 respectively), *u  

the friction velocity (m s
-1

), *θ  the temperature scale, and *q the humidity scale. The 

friction velocity ( *u ) is determined using: 

z

uzk
zku

m ∂

∂

Φ
= 0

0*  
3.3 

where u is the wind speed (m s
-1

) at height z (m), k0 is the von Karman constant (0.4), and 

mΦ is a stability function according to Dyer (1974). 

 

The temperature scale (θ*) is: 

z

zk

h ∂

∂

Φ
=

θ
θ 0*  

3.4 

where θ is potential temperature (K) at height z. The humidity scale (q*) is: 

z

qzk
q

h ∂

∂

Φ
= 0*  

3.5 

where Фm and Фh are the stability functions for the momentum and scalar quantities of 

temperature and humidity according to Dyer (1974).  

 

In the atmospheric surface layer, the scalar quantities are assumed to be constant with 

height, so equations 3.5 – 3.6 can be integrated between two heights (Bintanja and van den 

Broeke, 1995; Bougamont et al., 2005). In the case of the bulk method (which uses the 

glacier surface as one level) these heights are the height of the observations and the height at 

which the certain measured variables reach their surface values (the roughness lengths of 

momentum, heat and vapour). At the surface, it is assumed the wind speed is zero and the air 

is considered saturated with respect to ice.  
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In this study, a prescribed value for the roughness length of momentum (z0) is used to 

determine the roughness lengths for heat (z0h) and vapour (z0e). The assumption that 

roughness lengths are equal is often made over snow and ice surfaces (Bintanja and van den 

Broeke 1995; Braun and Hock, 2004) where: 

eh zzz 000 ==  3.6 

However, there is evidence to suggest that this assumption is not valid over ice (Braithwaite, 

1995; Brock and Arnold, 2000). In a review on parameterising roughness lengths Andreas 

(2002) suggests that using the roughness Reynolds number to estimate z0h is suitable for 

most conditions over snow and ice (Andreas (2002) also suggests that the parameterisation 

of z0e requires further data analysis). The scheme by Andreas (1987) uses the Reynolds 

roughness number, and is the only scheme known to the author that is specifically adapted to 

predict z0e over snow and ice. Therefore, this scheme is used in this research to determine 

the values for roughness lengths of vapour and heat, where: 

( ) 2
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0 *)ln(Re183.0Re*ln565.0317.0ln −−=
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3.8 

Re* is the roughness Reynolds number defined by:  

v

z
u 0

**Re =  
3.9 

where v is the kinematic viscosity of air (1.461 x 10
-5

 m
2
 s

-1
).  

 

Within SOMARS the z0 used to calculate turbulent fluxes is a function of density of the 

uppermost grid based on prescribed z0 for dry snow, wet snow and bare ice. The prescribed 

value of z0 for the ice and debris surfaces were determined using eddy covariance 

measurements as described in section 3.3.1.  

 

As discussed in chapters one and two, the processes involved in ablation of debris-covered 

ice are quite different to that of bare ice. In this situation, turbulent fluxes are computed 

using the same method as for bare ice, but since the specific humidity of the debris surface 

was not recorded and is dependent on wetness as well as temperature (Tsengdar and Pielke, 

1992), the surface energy balance was determined for two extremes: saturated and 
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completely dry debris (cf. Nicholson and Benn, 2006). As the saturated situation is an 

extreme upper limit it is likely to lead to an overestimation of the latent heat flux. 

 

For saturated conditions the surface vapour pressure is taken as the saturation vapour 

pressure for the debris surface temperature. If the debris surface is below freezing vapour 

pressure is calculated with respect to ice as is appropriate for frozen soils (Williams and 

Smith, 1989). When the debris is considered fully saturated the saturation vapour pressure 

gradient will act to transport vapour towards colder regions where there is lower vapour 

pressure (Hindmarsh et al., 1998).  In the case of dry debris, the surface vapour pressure is 

taken to be the same as the atmospheric vapour pressure, implying that there is no latent heat 

exchange occurring between the atmosphere and the ice beneath the debris (e.g. Nakawo and 

Young, 1981; Nicholson and Benn, 2006). 

 

3.2.2 Ice/snow sub-surface component 

The sub-surface component of the SOMARS model incorporates conduction, downward 

percolation of water, penetration of short-wave radiation, densification, and runoff of 

meltwater. Albedo and surface temperature are also derived using variables determined 

within this sub-surface component. Horizontal advection and conduction, and heat due to ice 

deformation are all considered negligible and therefore neglected (Greuell and Konzelmann, 

1994). 

 

The sub-surface component of the model uses a non-uniform grid extending vertically 

downwards from the surface, with grid boxes increasing in size with depth. The grid extends 

down to a pre-defined depth, usually 25 m, to ensure annual temperature oscillations are 

dampened. The size of the uppermost grid box is altered as a result of accumulation, 

condensation, and evaporation while the dimensions of the rest of the grid boxes change 

according to densification. For the arithmetic midpoint of each grid box, hereinafter referred 

to as the grid point, the temperature, water content and density are calculated. These are 

calculated by solving the thermodynamic equation: 
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where ρ is the snow or ice density (kg m
-3

), cpi is the specific heat capacity of ice  

(J kg
-1

K
-1

), k is the effective conductivity (W m
-1

K
-1

), 
z

Qt

∂

∂
is energy from the atmosphere, 
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M is the melt rate (kg m
-2

 s
-1

), Lf  is the latent heat of fusion (0.334 x10
6
 J kg

-1
) and F is the 

freezing rate (J kg
-1

). The grid size, density of the uppermost and lowest grid boxes, and a 

temperature profile are initially prescribed. 

 

Densification of the snow is determined by empirical relations from Herron and Lagway 

(1980) which are described in detail by Greuell and Konzelmann (1994). The effective 

conductivity is assumed to be a function of the density: 

3942 102.2102.4101.2 ρρ −−− ×+×+×=k  3.11 

and is calculated for each grid point.  

 

The amount of melting is determined as a function of the grid point temperature. If the 

temperature is positive, melting occurs and the temperature is set to 0 ºC (Bougamont et al., 

2005). Properties of each grid point determine what happens to the meltwater. For each grid 

point a maximum retention capacity is calculated based on the irreducible water saturation 

(Coleou and Lesaffre, 1998). Water that exceeds this maximum percolates downwards until 

an impermeable layer (ρ ≥ 910 kg m
-3

) is reached. The remaining water fills up the pore 

spaces and forms a slush layer (Bougamont et al., 2005).  Runoff is calculated both inside 

the snowpack and on the surface and can either be set to runoff immediately or tuned using a 

scheme which defines the length of time for runoff on different slopes (Zuo and Oerlemans, 

1996). 

 

The surface temperature is determined using a linear extrapolation of the temperatures of the 

top two grid cells. Albedo is calculated by using the density of, and the amount of water in 

the uppermost grid point (Zuo and Oerlemans, 1996).  

 

3.2.3 Debris sub-surface component  

Since energy and mass transfer processes within debris are different from those of within 

ice, a sub-surface component was developed specifically for debris-covered ice. This was 

then incorporated into SOMARS.  

 

Following Nicholson and Benn (2006) and Conway and Rasmussen (2000), it is assumed 

that energy is transported through the debris purely by conduction. Other fluxes are ignored. 

This assumption may be made as other forms of transport such as energy from infiltrated 
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water and from sublimation through debris have been shown to be negligible (Hindmarsh et 

al., 1998; Sakai et al., 2004). For the purposes of this research, it is assumed that:  

• lateral heat flux is negligible, 

• energy flux associated with precipitation is negligible,  

• heat transfer within the debris layer occurs only by conduction, 

• there is no penetration of short-wave radiation into the debris, 

• sublimation occurring at the debris-ice interface is negligible, 

• debris thermal properties do not change in space or time, 

• the change from debris to debris-free ice is abrupt, 

• all melt at the debris-ice interface is an instant loss to the system. 

 

Sub-debris ice melt rate in m s
-1

 (Mdi) can be approximated using the downward energy flux 

at the debris-ice interface (Qdi) where: 

fi

di

di
L

Q
M

ρ
=  3.12 

A proportion of Qdi is also conducted into the ice as in the snow and ice subsurface 

component. For simplification, until the debris-ice interface temperature reaches 0ºC it is 

assumed that the Mdi = 0 and all  Qdi is used to heat the body of ice.  

 

Within the debris, heat flux by conduction (QG) is the product of the thermal conductivity of 

the debris and the temperature gradient within the debris, and can be approximated as: 

z

T
kQ dG

∂

∂
=  3.13 

where kd is the thermal conductivity of debris (W m
-1 

K
-1

). 

 

If the temperature gradient can be assumed linear with depth, the conductive flux at the 

debris-ice interface can be calculated using: 
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where zdi is the depth of debris at the debris-ice interface (m); T0 and Tdi are the temperature 

(ºC) at the surface and the debris-ice interface respectively. Past research of this nature has 

assumed that the gradient is linear on a 24hr basis, or no storage change is occurring, or that 

Tdi is equal to 0 ºC (Nakawo and Young, 1981; Purdie and Fitzharris, 1999; Conway and 

Rasmussen, 2000; Nicholson and Benn, 2006). Measurements made at the research site 



- 69 – 

 

show that Tdi is likely to be well below 0ºC at times, and also that heat storage change 

occurs. This change is indicated by a marked increase in debris temperature over the 

measurement period (Figure 3.1). Furthermore, inspection of measured 
z

T

∂

∂  in the first 0.3 m 

of debris suggests that the temperature gradient, while close to linear for 24-hour periods 

(Figure 3.2), is not likely to be linear to greater depths, or on other time scales. 

 

If the thermal diffusivity is considered uniform throughout the debris it is possible to assume 

that there is a periodic temperature variation, which decreases in amplitude with depth 

(Farouki, 1981; Stull, 1988; Williams and Smith, 1989). This cycle present at the site to at 

least a depth of 0.30 m (Figure 3.3).  
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Figure 3.1 Temperature measured at 0.3 m depth in debris at the McMurdo Ice Shelf study site, Day 

299 2003 to 16, 2004. The debris is approximately 0.6 m deep at this site. Increase in temperature over 

the period indicates that significant heat storage change is occurring. 
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Figure 3.2 Examples of measured debris temperature profiles on the McMurdo Ice Shelf for a) Day 16, 2004 

and b) Day 315, 2004. 0.30 m was maximum depth of measurement.  
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Despite being unable to assume a linear gradient, the conductive flux at each grid point can 

be approximated. This process requires an initial sub-surface temperature profile, the debris 

thermal conductivity, and the energy flux from atmosphere. The conductive flux can then be 

calculated using the thermodynamic equation as follows.  

 

For each time step, for each grid point within the debris (i), the amount of energy conducted 

downwards (QG(i)) is calculated using the temperature profile. The heat conducted to the 

next level is determined as a function of the (linear) temperature gradient at that point:  
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A new temperature profile is then determined, based on the balance of energy received from 

above, and that energy conducted downwards. For the uppermost grid point (i=1) the energy 

from above is that supplied from the atmosphere Qt, 
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Figure 3.3 Surface and sub-surface temperatures at the debris-covered ice site for Day 9-12, 2004. 
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where i is the grid point, j is the time, t is the time step used, cd is the heat capacity of the 

debris (J kg
-1

K
-1

), and m is mass per unit area (kg m
-2

). For each of the remaining grid points 

the energy from above is that conducted from grid point directly above it (QG(i-1)) and the 

new grid point temperature is calculated using: 
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this process is iterated for each grid point within the debris, until the debris-ice interface grid 

point is reached. 

 

Below the debris, the ice thermal conductivity (ki) and heat capacity (ci) of ice are used in 

place of that for the debris. In addition, the first ice grid box is set to the same size as the 

uppermost debris grid box with the grid continuing to extend downwards into the ice and 

grid boxes increasing in size to a predefined depth. The uppermost ice grid box is used to 

determine if any sub-debris melt has occurred. If the temperature of the uppermost ice grid 

point is determined to be > 0 ºC then it is set to 0 ºC and melting is initiated.  

 

A complication is that of new snow on the debris surface. If there is precipitation the top of 

the grid is extended by one or more grid boxes. The size of the new grid boxes is defined by 

the amount of precipitation. These extra grid boxes are removed when all the snow has 

ablated. When there is snow on the surface, the debris sub-surface component continues in 

the same manner as above, but the energy transferred to the uppermost debris grid point 

(Qsd) is comprised of energy conducted from the snow layer as well as Qt, which includes 

any penetrated short-wave radiation. The snow will densify and melt as per the normal 

SOMARS calculations outlined above (Section 3.2.2). The snow layer will also receive 

energy from below if it is colder than the debris, which is represented by a negative Qsd. The 

albedo of the snow surface is adjusted from the fresh snow value to the debris value. The 

rate of change in the albedo was used as a means of tuning the model. As the debris sub-

surface component does not allow for infiltration of moisture it is assumed that all the 

snowmelt above the debris runs off immediately.  

 

Similar to the snow/ice subsurface component, the debris sub-surface component must be 

initialized with a temperature profile. As the debris-ice interface position does not change, a 

prescribed depth of debris is used and is held constant for the entire model run. The depth 

and density of any snow that is already overlying the debris must also be prescribed.  
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Because no ablation data at the debris-ice interface are available, melt beneath the debris 

calculated with the debris sub-surface component is regarded as only approximate. 

However, since the energy balance components at the active surface are calculated using the 

SOMARS model, they provide a good basis for comparison with the bare ice site.  
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3.3 Running the model for the McMurdo Ice Shelf 
The adapted model was run as a point surface energy balance model for both sites using 

measured incoming radiative fluxes, air temperature, relative humidity and wind speed 

recorded at the AWS described in chapter two as input. In addition, precipitation records 

from McMurdo Station were used as a proxy for precipitation occurring at the sites. The 

model was run using the air temperature, relative humidity and wind speed from the highest 

level on the AWS (Section 2.5.2). The time step used in all model runs was 30 minutes. The 

model was run over several periods based on the data available (Table 3.1). 

Table 3.1 Model run periods used for validation, sensitivity, and for presenting the surface energy and surface 

mass balance on the McMurdo Ice Shelf in this chapter.  

Site Model run period 

Bare ice Day 338 – Day 342, 2004 

 Day 341, 2004 – Day 22, 2005 

Debris-covered ice Day 299, 2003 – Day 16, 2004 

 Day 315 – Day 318, 2004 

 Day 317 – Day 339, 2004 

 

Due to power supply issues, AWS data were not obtained for the period between 2100, Day 

339 and 0900 Day 340, 2004. For the duration of this gap the model was provided with 

temperature, relative humidity, and wind speed derived from the eddy covariance system, 

and incoming solar radiation was interpolated. This period was not used to test the 

performance of the model. 

 

The success of the adapted SOMARS model was examined by validating the model output 

against directly measured surface temperature, turbulent fluxes, and specific surface mass 

balance. In addition the sensitivity of the model was determined by running it with a variety 

of initial parameters and conditions.  

 

The model may be run for any ice or debris-covered ice surfaces, but several parameters are 

site-specific. The following assumptions were made specifically for the McMurdo Ice Shelf:  

- heat conducted upwards from the base of the ice shelf is negligible, 

- densification of snow by Greuell and Konzelmann (1994) is appropriate for this site,  

- all melt is an instant loss to the system. 
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In addition, several parameters specific to the McMurdo Ice Shelf needed to be prescribed. 

The determination of these parameters is outlined in the following sections (Sections 3.3.1 – 

3.3.4).  

 

3.3.1 Roughness length of momentum 

Modelled turbulent fluxes over snow and ice have been shown to be sensitive to roughness 

lengths (Denby and Smeets 2000; Calanca, 2001; Reijmer and Oerlemans, 2002; van den 

Broeke et al., 2004a; Cullen et al., 2007a). Roughness length for momentum (z0) can be 

determined from wind profile measurements (Stull 1988; Munro, 1989), eddy covariance 

data (Sun, 1999), or the height of the roughness elements (Lettau, 1969). In this study z0 was 

determined using the profile and eddy covariance methods and is discussed with respect to 

published values.  

 

The profile method uses observations of velocity at two heights and can be calculated as 

follows: 
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using wind speed u1 and u2 (m s
-1

) at heights z1 and z2  (m) above the surface. While this 

method is commonly used (Bintanja, 1995; Takeuchi et al., 1999; Klok et al., 2005) it is 

subject to problems due to sensor sensitivity, and the eddy covariance method is now more 

frequently used (e.g. van den Broeke, 2004a; van As, 2005a; Cullen et al., 2007b).  

 

Eddy-covariance measurements of friction velocity ( *u ) can be used to determine z0 using: 
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where k0 is the von Karman constant (0.4), u is the wind speed (m s
-1

),  Ψ is a stability 

correction term, which is a function of the dimensionless stability parameter (z/L), and is 

based on the Businger-Dyer relationships presented in Stull (1988). L is the Obukhov length 

(Stull, 1988, p.181): 
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where g is acceleration due to gravity (m s
-2

), vθ  is the mean potential temperature (K), 

'' vw θ  is the buoyancy flux in the vertical (K m s
-1

), k0 is the von Karman constant (0.4), z 

the height (m), and *u the friction velocity (m s
-1

), defined as 

( ) 2/1222

* '''' wvwuu +=  3.21 

where ''wu  and ''wv  are the kinematic flux of east and west momentum in the vertical. 

According to Stull (1988), in the special case where the coordinate system is aligned in the 

direction of the surface stress, 

( )''
2

* wuu =  3.22 

 

Calculated roughness lengths for momentum (z0) using wind profile and eddy covariance 

methods were found to be in the range of 10
-4

 to 10
-2

 m for bare ice and 10
-3

 to 10
-1

 m for 

snow-free debris-covered ice (Table 3.2). Research on turbulent transfers over snow and ice 

(King and Anderson 1994; Bintanja, 1995; Bintanja, 2000; Calanca, 2001; Klok and 

Oerlemans, 2002; van den Broeke, 2004a; van As 2005a,b; Cullen et al. 2007a) report a 

large variation in values of z0 ranging from 10
-5

 to 10
-2

 m.  The values calculated in this 

research for the bare ice site (Table 3.2) lie within the bounds of these published values. 

 

Using eddy covariance data during near-neutral stability (-0.2 < z/L< 0.2) and non-snowdrift 

( *u < 0.3 m s
-1

) conditions (cf. van den Broeke, 2004a) the median z0 value was found to be 

2.5 x 10
-3

 m (Table 3.2). This value is of a similar magnitude to the mean value determined 

using the profile method (1.6 x 10
-3

 m), although an order of magnitude different to the 

median using the profile method (4.7 x 10
-4

 m). This value is also less than reported on ice 

surfaces of non-polar glaciers (Klok et al. 2005; Cullen et al. 2007a), but larger than that 

found on polar snow and blue ice surfaces (Bintanja, 2000). 

 

Few researchers have investigated turbulent fluxes over debris-covered ice, and z0 has 

therefore rarely been considered in this context. Takeuchi et al. (2000) reported a value of 

6.3 x 10
-3

 m for the debris-covered sections of the Khumbu Glacier in Nepal using the 

profile method. They also mention that Inoue and Yoshida (1980) had similar values (3.5 x 

10
-3

 m). Nicholson and Benn (2006) used a value of 1 x 10
-2

 m based on values reported for 

rough ice and sastrugi and values calculated by Takeuchi et al. (2000). Roughness lengths of 

other relevant surfaces are: coarse snow with sastrugi, 1 x 10
-2

 m (Paterson 1994), and soils, 

1 x 10
-3

 to 1 x 10
-2

 m (Oke, 1987). Values of  z0 calculated at the debris-coved ice site (using 
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profile and eddy covariance methods) are of similar magnitude to published values (1 x 10
-1

 

to 1 x10
-3

 m). 

 

Table 3.2 Roughness lengths of momentum (z0) during periods when the eddy covariance system was in place 

alongside the AWS. Values were determined using either wind profile or eddy covariance methods. 

 Bare ice Debris-covered ice 

Method 

Mean  

(m) 

Median 

(m) 

Std dev 

(m) 

Number 

of 

profiles 

Mean  

(m) 

Median 

(m) 

Std dev 

(m) 

Number 

of 

profiles 

Eddy covariance 1.6 x 10
-2

 3.5 x 10
-3

 5.4 x 10
-2

 1101 1.2 x10
-1

 4.6 x 10
-2

 1.5 x10
-1

 1028 

Eddy covariance* 3.5 x 10
-3

 2.5 x 10
-3

 3.8 x 10
-3

 342 9.3 x 10
-2

 4.2 x 10
-2

 1.2 x 10
-2

 147 

Profile method* 1.6 x 10
-3

 4.7 x 10
-4

 6.4 x 10
-2

 1311 3.9 x 10
-2

 5.0 x 10
-3

 1.0 x 10
-1

 1785 

*During periods of neutral atmospheric stability (-0.2 < z/L < 0.2) and no snowdrift ( *u <0.3 m s
-1

) 

  

In SOMARS, z0 is determined as a function of density of the uppermost grid box, based on 

the prescribed z0 for dry snow, wet snow and bare ice. Greuell and Konzelmann (1994) and 

Bougamont et al. (2005) used 1.2 x 10
-4

 m for dry snow, 1.3 x 10
-3

 m for wet snow and 3.2 x 

10
-3

 m for ice successfully on the Greenland Ice Sheet.   

 

Roughness length of momentum (z0) for the bare ice site is set to 2.5 x 10
-3

 m based on the 

eddy covariance measurements, and the dry and wet snow values are as used by Greuell and 

Konzelmann (1994). For the debris-covered surface z0 is set to 3.9 x10
-2

 m, which was 

derived from the largest set of profiles (Table 3.2). The debris-covered surface is only 

altered when there is a layer of snow on the surface – in which case the density function 

above is used. 

 

The z0 values used for the model here are subject to several issues including adequate 

ventilation, instrument height measurement (Brock et al., 2006), using an arithmetic mean 

over geometric mean, and the lack of homogenous ground surrounding the debris-covered 

ice site. Whilst more accurate values may have been obtained by addressing these issues, the 

z0 values calculated here are considered superior to using published values and are in 

keeping with other studies. 

 

3.3.2 Debris thermal properties 

Thermal conductivity (k) varies as a function of particle size, porosity and moisture content 

(Oke, 1987). For this research thermal conductivity is estimated following the method of 
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Conway and Rasmussen (2000) and Nicholson and Benn (2006) using heat capacity and 

diffusivity. Firstly, thermal diffusivity of the debris (к) is determined using a one-

dimensional thermal diffusion equation:  

2

2

z

T

t

T

∂

∂
=

∂

∂
κ  3.23 

 

where T is debris temperature (K), t is time, and z is the depth (m). A value of κ at each 

measurement point is taken as the gradient of the line of best fit of the first derivative of 

temperature with time, versus the second derivative of temperature with depth (Nicholson 

and Benn, 2006). High к values imply that temperature changes will be large and rapid. 

Deviations from the best-fit line imply non-conductive behaviour, possibly caused by phase 

changes (Conway and Rasmussen, 2000). 

 

The thermal conductivity (k) can then be determined using the volumetric heat and the 

diffusivity according to Farouki (1981) where: 

[ ]κρρρ aawwwddd cxcxcxk ++=  3.24 

where x is the volume fraction, c the specific heat capacity (J kg
-1

 K
-1

), and ρ the density (kg 

m
-3

), of the debris (d), water (w) and air (a).  

 

Nicholson and Benn (2006) assumed that the debris was either fully saturated or dry and 

determined the thermal conductivity (k) using: 

( )[ ]κϕρϕρ vvdd cck +−= 1  3.25 

where φ is the porosity and v denotes voids. In order to calculate a maximum and minimum 

thermal conductivity, conditions of fully saturated (voids filled with water) and completely 

dry (voids filled with air) were used.   

 

The depth-averaged κ for the debris was found to be: 0.37 ± 0.005 mm
2
 s

-1
 and is 

comparable to those reported in the literature which range from 0.3 to 0.9 mm
2
 s

-1
 (Table 

B.1 in Appendix B). This value was determined using data from days with no snow cover. 

This dataset consisted of 28 days of 30 minute data from 2003-2004 and 9 days of 10 minute 

data from the November 2004 measurement period.  

 

The debris at the measurement site is described by Glasser et al. (2006), and consists of 

sandy gravel, gravelly sand, sandy pebble-gravel or diamicton of with some coarser 
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material. It has a mixed lithology, but is dominated by fine-grained volcanics (65%), and 

vesicular lava (33%) with a small proportion of granite (2%). Volumetric heat capacity was 

calculated using a specific heat capacity of 830 J kg
-1

 K
-1

 for volcanic rock (Nicholson, 

2005), a density of 2700 kg m
-3

, and 0.3 porosity for supraglacial debris (Conway and 

Rasmussen, 2000).  

 

The thermal conductivity (kd) determined for the debris-covered site was 0.59 W m
-1

 K
-1

 for 

dry debris and 1.53 W m
-1

 K
-1

 for saturated debris. These values are comparable with the 

values used in the literature for debris-covered ice ablation studies (Table B.1 in Appendix 

B). The dry debris value is of similar magnitude to those reported by Campbell et al. (1998) 

for soils in the dry valleys and at Scott Base, which ranged from 0.20 to 0.26 W m
-1

 K
-1

. The 

k value is also at the low end for those reported in the literature by Clauser and Huegnes 

(1995) for volcanic rocks (1.5 – 3.5 W m
-1

 K
-1

). Notably, the thermal conductivity values 

reported by Campbell et al. (1998) did not change significantly with moisture content. The 

dry value calculated here is also slightly higher than that reported for sandy soil, 0.3 W m
-1

 

K
-1

 (Oke, 1987). Conversely, the saturated value is less than reported for a saturated sandy 

soil, which is 2.2 W m
-1

 K
-1

 (Oke, 1987). 

 

The adapted SOMARs model was run twice for each period of measurements on the debris-

covered ice site, using the dry debris thermal conductivity value (0.59 W m
-1

 K
-1

), and then 

again for the saturated debris thermal conductivity value (1.53 W m
-1

 K
-1

).   

 

3.3.3 Initial temperature profile 

At the bare ice site a theoretical initial temperature profile was used in the model. The 

profile used was based on the annual average air temperature recorded at various AWS on 

the ice shelf, and the surface temperature from the beginning of measurements. Using these 

values and the shape of a temperature profile published by McCrae (1984) an initial 

temperature profile was created. 

 

For the debris-covered ice site the temperature profile within the top 0.3 m of debris was 

calculated using measured values, and the temperature profile for the underlying ice was 

based on that used for the bare ice site.  
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3.3.4 Other parameters  

Specific parameters used in the running of the model for the McMurdo Ice Shelf are outlined 

in Table 3.3. The density of the snow at the debris-covered ice site was not measured, so a 

value of 400 kg m
-3

 was assumed. Density of the exposed ice shelf ice was set to 917 kg m
-3

. 

All other values model parameters were set to the model default.  

 

Table 3.3 Input parameters used in running of the model for the McMurdo Ice shelf. 

Parameter  Value 

Bare ice z0   2.5 x 10
-3

 m 

Frozen snow z0  1.2 x 10
-4

 m 

Melting snow z0 1.3 x 10
-3

 m 

Debris z0 3.9 x10
-2

 m 

Saturated debris kd   1.53 W m
-1

 K
-1

 

Dry debris kd 0.59 W m
-1

 K
-1

 

Density of initial snow cover on debris 400 kg m
-3

 

Density of ice  917 kg m
-3

 

Depth of grid  25 m 

Size of uppermost grid cell 0.15 m 

Size of lowermost gird cell  3.00 m 

Time step 30 minutes 

Density of debris 2700 kg m
-3

 

Cloud cover Held constant at 0.5 

Heat capacity of debris 830  J kg
-1

 K
-1

 

Depth of debris 0.60 m  
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3.4 Model validation 
To ensure that all the significant processes are captured within the model, and to examine 

the extent to which the model is capable of reproducing reasonable mass and energy fluxes, 

model output was compared with several directly measured variables. Suitable 

measurements available included surface temperature, sensible heat flux and latent heat flux 

at both sites. Additionally, surface mass balance was measured at the bare ice site and 

subsurface temperatures at the debris-covered ice site.  

 

In order to evaluate model performance, model output and measured data were compared. 

Using these two datasets, the mean, Pearson’s Product-Moment Correlation Coefficient (r), 

root mean squared error (RMSE), and an index of agreement (d) were calculated. The index 

of agreement used here is that presented by Willmott (1981). It is similar to the Nash-

Sutcliffe efficiency coefficient (Krause, et al. 2005), but ranges between 0 and 1, with an 

efficiency of 1 being a perfect match between observed and modelled values. Unlike the 

correlation coefficient r, d is sensitive to changes in proportionality (Willmott, 1982). 

Comparisons were performed at two resolutions: high resolution (half hourly) over the 

period that eddy covariance data were available, and low resolution (daily means) for longer 

periods that the AWS was installed. 

 

Before comparisons between modelled and measured values were made some of the directly 

measured quantities needed correction. These corrections are now described. 

 

3.4.1 Turbulent flux corrections 

As described in section 2.5.2 an eddy covariance system was installed alongside the AWS 

for a short period. The eddy covariance method is theoretically the best method to determine 

turbulent fluxes as it measures them directly and few assumptions are made  (Spronken-

Smith et al., 2006). Despite this, researchers have found that there are difficulties in 

obtaining closure of the energy balance when the turbulent fluxes have been determined by 

this method (Massman and Lee, 2002; Mauder et al., 2007). Problems with eddy covariance 

result from either instrument limitations, or from obtaining measurements during 

meteorological conditions (particularly stable) for which the instruments are not well suited 

(Massman and Lee, 2002). Additionally, several corrections must be made to the raw data 

before the fluxes can be calculated and interpreted confidently.  
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When using sonic anemometer derived temperature for flux calculations, the sonic 

temperature flux must be corrected for the effect of moisture (Schotanus, 1983; Liu et al., 

2001). The corrected sensible heat flux ( )cTw ''  is determined from the sonic temperature 

flux: 

  

3.26 

where T is the temperature (ºC), c is the sound velocity (m s
-1

), u, v, w are the x, y, z wind 

velocity components (m s
-1

), and q is the specific humidity (kg kg
-1

). Acoustic temperature 

data are internally corrected for crosswind contamination by the sonic anemometer 

(CSAT3). 

 

As the Krypton Hygrometer (KH20) measures the absorption of oxygen as well as water 

vapour, a correction was applied for the absorption of oxygen (Tanner and Greene, 1989; 

Massman et al., 1990). Air density was accounted for in the flux calculations by applying 

the WPL (Webb-Pearman Leuning) correction from Webb et al. (1980). The mean percent 

change from the WPL correction was a gain of 7.7%. 

 

Although a spatial separation and frequency response correction is often made (e.g. Moore, 

1986; Horst 1997 & 2000; Cullen et al., 2007a; Mauder, 2007) it has not been included here 

for a number of reasons. Firstly, in order to minimise spectral loss due to sensor separation, 

the KH20 was positioned at the same height as, and as close as possible to, the CSAT3 sonic 

anemometer. Due to the nature of the corrections, if S/z << 1, the correction will be small 

(Massman and Lee, 2002; Oncley et al., 2007), where S is the sensor displacement and z the 

height. In this study S/z values were 0.09 and 0.08 for the clean and debris-covered ice sites 

respectively. Furthermore, to apply corrections from Moore (1986) or Horst (1997) a co 

spectral frequency analysis is necessary. As no raw data were recorded, a frequency analysis 

was not possible, and no suitable published analysis was available.   

 

Oncley et al. (2007) found that the spatial separation correction was the largest of the series 

of corrections applied to their measured fluxes. Spatial corrections increased their latent heat 

flux by 7% and decreasing the sensible heat by 2%. Over the flat ice of Kilimanjaro, Cullen 

et al. (2007a) reported much larger losses, including up to 14% of latent heat flux loss in the 

stability range (-0.1< z/L < 0.25) and larger for more stable conditions. Massman and Lee 

( ) ''
2

''51.0''T'w'
2C uw

c

T
TqwTw S +−=
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(2002) suggest that difficulties experienced in flux measurements are largely meteorological 

in nature, particularly during stable conditions and that measured fluxes must be treated with 

caution.  

 

3.4.2 Height data 

 

Surface height measurements using the sonic ranger proved to be problematic. While the 

sonic ranger accuracy is ± 0.01 m, there was also a large amount of noise in the signal 

received (Figure 3.4a). A noisy signal may be a result of electromagnetic interference, low 

density snow, or an uneven surface (Campbell Scientific, 2003b). Reflections from drifting 

snow may also cause an increased surface height record. As an initial step to deal with any 

inaccurate readings, the quality signal from the sensor itself was used to filter bad readings 

within the datalogger program. However noise was still apparent in the dataset, requiring 

further treatment. 

 

Regrettably, using the mean daily values of surface height incorporated the noise, providing 

unrealistic values (Figure 3.4b). There is no apparent correlation between the precipitation 

Figure 3.4 Surface height and precipitation recorded for (Day 341, 2004 – Day 22, 2005), a) raw sonic ranger 

data b) sonic ranger daily mean c) sonic ranger daily mode indicating the approximate ice surface height d) 

precipitation recorded at McMurdo Station. 

b) 

a) 

c) 

d) 
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records from McMurdo Station (Figure 3.4d) and the increases in surface height at the bare 

ice site (Figure 3.4a, b). It is likely that the high values are a result of the issues mentioned 

above and unlikely that meaningful accumulation data can be extracted from the sonic 

ranger record over these periods.  It is evident that there is a definite baseline in the raw data 

that is likely to represent the ice surface height (Figure 3.4a). To determine the approximate 

baseline, the raw data was binned (by rounding to the nearest millimetre) and then the mode 

for each day was found (Figure 3.4c). Although incomplete, the trend in the mode time 

series is similar to the trend in the baseline in the raw data (Figure 3.4a) and was thus 

regarded as a realistic representation of the ice surface.  

 

Ablation stake measurements can also be problematic due to the subjective nature of 

locating them and accuracy in measurements. Stakes were placed in white ice (not blue) and 

measured at the beginning and end of the measurement period to the nearest millimetre.  

 

Given the above difficulties in collecting direct measurements of surface height the data 

must be examined with caution. However, since there are two different sources, and the 

measurements were taken over long periods there is still reasonable data with which to 

compare model output. 

 

3.4.3 Bare ice site validation results 

The bare ice modelled turbulent fluxes are in the correct direction and roughly of the same 

magnitude as the measured fluxes (Figure 3.5a,b). In the first part of the covariance 

measurement period (2100, Day 338 – 0600, Day 339, 2004), the atmosphere was stable 

(Figure 3.5d), and the sensible heat fluxes are reasonably modelled well (Figure 3.5a). The 

stability then became highly variable (Figure 3.5d) and there is an associated increase in 

modelling error. 

 

In the latter part of the measurement period (from 1000, Day 340 onwards), the majority of 

the values of sensible heat flux were low (< ± 10 W m
-2

) and conditions were near neutral 

(Figure 3.5d). A narrow range of values during this period (-11 to 34 W m
-2

) and the 

fluctuation between positive and negative makes interpretation of the model performance 

difficult. Over the eddy covariance measurement period the correlation between the 

modelled and measured sensible heat (Figure 3.6a) at the bare ice site was only fair (r = 

0.56, d = 0.71). The largest fluxes of sensible heat occurred during stable conditions and 
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Figure 3.5 Time series of 30 minute SOMARS modelled output with variables directly measured at the 

bare ice site for the period that the eddy covariance system was in place (2100 Day 338 – 0700 Day 342, 

2004). Measured variables are shown by a solid line, and modelled with x’s. a) Sensible heat flux b) 

Latent heat flux c) Surface temperature  d) Stability where positive values represent a stable environment. 

Missing data was due to power supply issues (Section 3.3). 

 

a) 

b) 

c) 

                                  Day 339                                                 Day 340                                                    Day 341     

                                                                                    Day/Time 
 

d) 

were directed towards the ice (Figure 3.7a). As very few large sensible heat fluxes (>100 W 

m
-2

) were recorded during this period, it is suggested that the model is likely to predict large 

fluxes as well as it does at the debris-covered ice site (Section 3.4.4) as the equipment and 

data treatment were identical. 

 

Latent heat flux over the bare ice site was consistently negative during the eddy covariance 

measurement period (Figure 3.5b). The modelled latent heat fluxes follow the progress of 

the measured latent heat flux well (Figure 3.5b). Throughout the period there was a slight 

underestimation of magnitude of the latent heat flux (Figure 3.6b). Overall, the model was 

relatively good at predicting latent heat flux over the bare ice with a correlation coefficient 

of 0.86, and an index of agreement of 0.83.  
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Throughout the eddy covariance measurements at the bare ice site the atmosphere was 

mostly neutral (Figure 3.5d). The largest negative latent heat fluxes were reported when the 

atmosphere was unstable (Figure 3.7), although these were still small (< 70 W m
-2

).  

 

 

 

The surface temperature is one of the key variables in the surface energy balance, yet one of 

the most difficult to measure or model (Section 1.2.2). Modelled surface temperature was 

compared with that independently measured using the Everest sensor (Section 2.5.2). For the 

bare ice, the model performed reasonably well at predicting the surface temperature, both at 

a) b) 

Figure 3.7 Comparison between 30 minute measured and modelled turbulent fluxes, a) Sensible heat flux, 

b) Latent heat flux, showing stable and unstable cases at the bare ice site (2100 Day 338 – 0700 Day 342).  

Figure 3.6 Correlation between 30 minute SOMARS modelled results with variables directly measured at the 

bare ice site for the period that the eddy covariance system was in place (0900 Day 338 – 0700 Day 342, 

2004). 

a) b) c) 
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a half hour resolution (Figure 3.5c), and in the calculated daily mean (Figure 3.8a). The 

diurnal cycle of surface temperature was captured very well (Figure 3.5c) with a correlation 

coefficient of 0.78 and index of agreement of 0.83 for the eddy covariance measurement 

period. However, during this period, the surface temperature was slightly overestimated 

(Figure 3.6c). Over the longer period that the model was run the mean daily surface 

temperature was also slightly overestimated (Figure 3.8) and the accuracy reduced (r=0.69). 

Despite this reduced correlation the trends are captured well, even during periods when the 

surface was around melt point (Figure 3.8a). There is a fair index of agreement (d=0.67) 

between measured and modeled daily surface temperatures.  

 

The overall modelled net surface height change is modelled well when considered with 

respect to that measured at the closest ablation stakes (Table 3.4). In view of the 

uncertainties in the calculated and measured surface mass balance, the differences between 

them are considered acceptable. 

 

 

 

 

 

a) 

Figure 3.8 Measured and SOMARS modelled daily 

surface temperatures at the bare ice site a) Time 

series (Day 341, 2004 – Day 22, 2005), with 

measured variables are shown by a solid line, 

modelled with x’s; and b) Correlation for the same 

period. 

 

b) 
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Table 3.4 Modelled and measured total surface height change on bare ice in the McMurdo Ice Shelf ablation 

area, from Day 341, 2004 to day 22, 2005. 

Source Surface height (m) 

Modelled - 0.047 

Mean stake measurements -0.053 

Stake 90 - 0.020 

Stake 91 - 0.041 

Stake 92 - 0.100  

  

Sonic ranger (mode) - 0.081 

 

Over the entire period the model captures the general surface height change trend of gradual 

ablation (Figure 3.9), but there are some features that warrant discussion. Firstly, the model 

appears to overestimate the ablation rate between Day 351 and 361, 2004. This period is also 

around the time when the surface temperature is overestimated, which could result in an 

overall overestimate of ablation, especially by melting.  

The second major feature is on Day 4, 2005, where the modelled surface height shows a 

rapid increase. This increase is directly related to the large precipitation amount used to 

force the model (Figure 3.4d). There is no associated change apparent in the measured 

surface height (Figure 3.9) as it is only representative of the ice surface (Section 3.4.2). 

However, with such a large amount of precipitation recorded at McMurdo Station it is likely 

that there was a quantity of precipitation at the bare ice site. As the modelled surface height 

remains higher than that measured after this event, it may be that the precipitation recorded 

at McMurdo Station was considerably more than that at the bare ice site. In order to see how 

reduced precipitation would affect the modelled surface energy and surface mass balance, an 

extra run of the model was made with half the amount of precipitation for Day 4, 2004 

(Appendix C). It was found that the relative proportions and directions of the energy balance 

Figure 3.9 Time series of SOMARS modelled surface height with directly measured at the bare ice (Day 341, 

2004 – Day 22, 2005). Measured variables are shown by points and a solid line, modelled with x’s. The 

measured surface height represents the ice surface (See section 3.4.2)  
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components were not significantly altered (Appendix C). Therefore, it was decided that 

analysis should be continued using the model forced with the true precipitation record from 

McMurdo Station. 

 

In summary, the model performance at the bare ice site is considered realistic. The 

agreement between turbulent fluxes is reasonable taking into account the uncertainties in 

both measured and modelled values (Table 3.5). The model captures realistic variability, 

with the modeled standard deviations similar to those for the measured (Table 3.5). 

Importantly, the direction of the fluxes is largely correct, suggesting that the Monin-

Obhukov similarity theory is applicable at the bare ice site. The model performs well at 

calculating surface temperatures (Table 3.5). Surface mass balance was modeled reasonably 

well although this success may have been somewhat affected by overestimated ablation 

being balanced by an excessive precipitation input. It was considered that the surface mass 

balance is modelled realistically, especially given that precipitation in the model is 

prescribed using data from a different site.  

 

Table 3.5 Summary of comparison of SOMARS modelled results with variables directly measured at the bare 

ice site. The turbulent fluxes and surface temperature are compared at 30-minute intervals for the period that 

the eddy covariance system was in place (2100 Day 338 – 0700 Day 342, 2004). The remaining variables are 

daily means for the period the model was run (Day 341, 2004 – Day 22, 2005). Standard deviation is shown in 

brackets. 

 Mean 

sensible heat flux 

(W m
-2

) 

Mean 

latent heat flux 

(W m
-2

) 

Mean 

surface 

Temperature 

 (ºC) 

Mean daily 

surface 

Temperature 

(ºC) 

Observed  5.1 (15.4) -22.6 (15.3) -3.9 (2.4) -3.5 (1.9) 

Modelled  8.6 (10.3) -13.4 (13.1) -3.2 (2.1) -1.8 (1.2) 

Correlation 

coefficient 
0.56 0.86 0.78 0.69 

Root mean squared 

error 
12.8 10.4 1.4 1.9 

Index of Agreement 0.71 0.83 0.83 0.67 

 

3.4.4 Debris-covered ice site validation results 

It was found that the overall model performance at the debris covered ice site was typically 

better when the debris was considered saturated. Consequently, the majority of the results 

presented in this section are for saturated conditions.  
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Both turbulent fluxes and the surface temperatures are modelled well during the eddy 

covariance period over debris-covered ice (Figure 3.10). Sensible heat flux is primarily 

directed away from the surface during the eddy covariance measurement period with some 

large values (maximum, -252 W m
-2

). Modelled sensible heat flux followed the same diurnal 

pattern as measured with largest negative fluxes during the afternoon (Figure 3.10a). During 

this period at the debris-covered ice site there was much more instability (Figure 3.10d) than 

at the bare ice site (Figure 3.5d) due to the warm debris surface. The sensible fluxes are also 

much higher at the debris-covered ice site (reaching >200 W m
-2

) than at the bare ice site 

(maximum 70 W m
-2

). This difference is due to the larger difference in temperature between 

the surface and the air. Sensible heat transfer in the range -50 to +50 Wm
-2

 were quite well 

modelled but the magnitudes less than -50 W m
-2

 were consistently underestimated (Figure 

3.11a).  

 

 

a) 

b) 

d) 

c) 

Figure 3.10 Time series of 30 minute SOMARS modelled results with variables directly measured at the 

debris-covered ice site for the period that the eddy covariance system was in place (0000, Day 315 – Day 

0500 Day 318, 2004). Measured variables are shown by a solid line, modelled with x’s. Note: these values 

are for the model run that assumes that the debris is saturated. a) Sensible heat flux b) Latent heat flux c) 

Surface temperature  d) Stability - where positive values represent a stable environment. 
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The majority of the modelled and measured latent heat fluxes were negative at the debris-

covered site. The modelled values were generally large in magnitude and in some cases 

quite significantly so (Figure 3.10b). This apparent overestimation may be partly attributed 

to the eddy covariance data being underestimated due to lack of sensor separation 

adjustment (Section 3.4.1). Although the loss can be the large (Section 3.4.1) the sensor 

separation adjustment could only account for some of the difference. It is also likely that the 

latent heat flux is overestimated due to the assumption of a saturated surface (Figure 3.12b), 

with the true value highly likely to lie somewhere in between the dry and saturated 

extremes. Furthermore, Krause et al. (2005) suggest that the correlation coefficient places 

too much emphasis on higher values and thus distorting the reported model efficiency. It is 

important to note that the modelled flux direction was consistent with that measured with the 

eddy covariance system (Figure 3.10b).  

 

Throughout the eddy covariance measurements at the debris-coved ice site the atmosphere 

was predominantly unstable (Figure 3.10d). During stable conditions both of the turbulent 

fluxes were small (Figure 3.12a,b). When the conditions were unstable the fluxes were 

larger and more varied (Figure 3.12a,b).  

 

The newly created debris subsurface component modelled the temperature conditions of the 

debris reasonably well. Temperatures tended to be underestimated during unstable 

conditions resulting in an underestimate of larger magnitude sensible heat fluxes (Figure 

3.11a). During the eddy covariance period, half hourly surface temperatures (Figure 3.10c, 

3.11c) show that the diurnal cycle is demonstrated well (r = 0.92, d = 0.95).  

Figure 3.11 Correlation between 30 minute SOMARS modelled results with variables directly measured at the 

debris-covered ice site for the period that the eddy covariance system was in place (0000, Day 315 – Day 

0500 Day 318, 2004). Note: these values are for the model run that assumes that the debris is saturated. 

Where a) is Sensible heat flux, b) Latent heat flux, c) Surface temperature. 

a) 
b) c) 
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Modelled mean daily surface temperatures are in excellent agreement with the measured 

temperatures at the debris-covered ice for both longer run periods, both capturing trends 

well (Figure 3.13a, 3.15a). During the first long-term period the model performed well 

(Figure 3.14a) with both a correlation coefficient and index of agreement of 0.96. Although 

the second period was less competent at modelling the surface temperature (Figure 3.16a) it 

was still considered very good, with a correlation coefficient of 0.83 and an index of 

agreement of 0.90. The RMSE was reduced for this second period (Table 3.7). Given the 

accuracy of the sensor used to measure the surface temperature (±0.5 ºC) this result is very 

satisfactory. This performance is especially good as the bulk method (which relies on the 

surface temperature) is used to calculate the turbulent fluxes.  

 

Mean daily subsurface temperatures modelled using the new subsurface component were 

also very good (Figures 3.13, 3.15). At the beginning of the 2003-2004 period, the modelled 

mean daily surface and subsurface temperatures are underestimated (Figure 3.13). These 

underestimated values were all during the period when there was old snow overlying the 

debris, suggesting that the model may not capture all processes or that the snow density used 

was incorrect (density was not measured at this site). When the debris was free of snow 

(After Day 340, 2003 and Day 317 – 339, 2004) temperatures were modelled very well 

(Figures 3.13 and 3.14), demonstrating that the energy conduction process is captured 

a) b) 

Figure 3.12 Comparison between 30 minute measured and modelled turbulent fluxes, a) Sensible heat 

flux, and b) Latent heat flux, showing stable and unstable cases at the debris-covered ice site (0000, 

Day 315 – Day 0500 Day 318, 2004).  

a) b) 
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adequately within the model. Overall the correlation between modelled and measured 

subsurface temperatures was very good (Figure 3.14, 3.16). 

Figure 3.13 Time series of SOMARS modelled results with variables directly measured at the 

debris-covered ice site for the first “long term” period that the AWS was installed  (Day 299, 

2003 - Day 16, 2004). Measured variables are shown by a solid line, modelled with x’s. Where 

a) Surface temperature b) 0.15 m deep temperature c) 0.30 m deep temperature. 

a) 

b) 

c) 

a) b) c) 

Figure 3.14 Correlation between SOMARS modelled results with variables directly measured at the debris-

covered ice site for the first “long term” period that the AWS was installed (Day 299, 2003 - Day 16, 

2004). Where a) Surface temperature b) 0.15 m deep temperature c) 0.30 m deep temperature. 
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Figure 3.16 Correlation between SOMARS modelled temperature against variables directly measured 

at the Debris-covered ice site for the second “long term” period that the AWS was installed (Day 317 - 

Day 339, 2004). Where a) Surface temperature b) 0.15 m deep temperature c) 0.30 m deep 

temperature. 

a) b) c) 

Figure 3.15 Time series of SOMARS modelled mean dailytemperatures with variables directly measured at the 

Debris-covered ice site for the second “long term” period that the AWS was installed (Day 317 - Day 339, 

2004). Measured variables are shown by a solid line, modelled with x’s. Where a) Surface temperature b) 0.15 

m deep temperature c) 0.30 m deep temperature. 

a) 

b) 

c) 
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In summary, the turbulent fluxes were modelled well considering the issues in calculating z0. 

The sensible heat flux was reasonably well modeled using the saturated debris situation 

(Figure 3.10a, 3.11a), with a slight improvement using the dry situation (Table 3.6). The 

model overestimated the latent heat flux over debris-covered ice in saturated conditions 

(Table 3.6). However, given that the debris is considered saturated, the measured latent heat 

flux is likely to be low (Section 3.4.1), and the modelled flux direction is correct, the model 

is considered to be performing satisfactorily. The latent heat flux direction was incorrect 

when a dry surface is considered dry (Table 3.6) this is likely due to the fact that the dry 

surface assumption is an extreme. Latent heat flux is likely to be occurring due to 

sublimation at depth in the debris layer. All temperatures (surface and sub-surface) were 

modelled very well at the debris-covered ice site when the debris is considered saturated 

(Table 3.7). Based on these validation results the model is considered adequate to assess the 

surface energy balance of the bare and debris-covered ice of the McMurdo Ice Shelf. 

 

Table 3.6 Comparison of SOMARS modelled results with variables directly measured at the debris-covered ice 

site from 0000, Day 315 – Day 0500 Day 318, 2004 using a 30-minute averaging period. Standard deviation is 

shown in brackets. For saturated debris the thermal conductivity is held at 1.53 W m
-1

 K
-1

 and the surface 

vapour pressure is calculated with respect to the surface temperature. For the dry debris case the thermal 

conductivity is set to 0.59 W m
-1

 K
-1

 and the surface vapour pressure is equal to that of the atmosphere. 

 Saturated debris Dry Debris 

 Sensible heat 

flux 

(W m
-2

) 

Latent heat 

flux 

(W m
-2

) 

Surface 

temperature 

 (ºC) 

Sensible heat 

flux 

(W m
-2

) 

Latent heat 

flux 

(W m
-2

) 

Surface 

temperature 

 (ºC) 

Observed mean  -51.2(94.0) -27.3(30.5) -3.3(4.6) -51.2(94) -27.3 (30.5) -3.30(4.6) 

Modelled mean -11.6 (40.9) -60.0(52.5) -5.1(3.9) -34.5(73.0) 48.5(46.1) -2.9(6.5) 

Correlation 

coefficient 
0.71 0.74 0.92 0.75 0.52 0.89 

Root mean 

squared error 
69.2 60.6 2.1 57.3 45.0 3.3 

Index of 

Agreement 
0.74 0.55 0.95 0.85 0.57 0.91 



- 95 – 

 

 

Table 3.7 Comparison of SOMARS modelled and directly measured temperatures at the debris-covered 

ice site during two measurement periods. At the beginning of the first measurement period there was 

approximately 0.3 m snow on the ground, while during the second period the debris was snow free. 

Standard deviation is shown in brackets. For both of the shown model runs the debris thermal 

conductivity is held at 1.00 W m
-1

 K
-1

 and the surface vapour pressure is calculated with respect to the 

surface temperature. 

 

 

 

Mean daily debris temperatures, 

Day 299, 2003 - Day 16, 2004. 

Mean daily debris temperatures,  

Day 317 - Day 339, 2004. 

 Surface 

(ºC) 

0.15 m * 

(ºC) 

0.30 m  

(ºC) 

Surface  
(ºC) 

0.15 m  

(ºC) 

0.30 m  

(ºC) 

Observed mean  0.3(6.5) 2.5(1.3) -4.9 (5.6) 1.0(2.4) -2.6(2.8) -6.2(2.9) 

Modelled mean -1.5 (7.4) 2.8 (1.2) -6.4 (6.8) 0.6(2.8) -2.3(2.9) -5.7(3.2) 

Correlation coefficient 0.96 0.89 0.98 0.83 0.97 0.98 

Root mean squared error 2.8 0.7 2.3 1.6 0.8 0.8 

Index of Agreement 0.96 0.93 0.97 0.90 0.98 0.98 

* Temperatures at 0.15 m were only available from Day 326, 2003- Day, 17 2004. 
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3.5 Sensitivity 
In order to test the sensitivity of the modelled surface mass balance, several input 

parameters and calculation schemes were varied, the model run again, and the resulting 

surface mass balance compared. The model was run for the period Day 341, 2004 – Day 

22, 2005 on bare ice and for the period Day 299, 2003 - Day 16, 2004 on debris-covered 

ice.   

 

The value of roughness length of momentum reported in the literature varies 

considerably (Section 3.3.1). In order to test the sensitivity of the model to different 

roughness lengths, the upper and lower range used are those published for similar sites. 

Results suggest that although the model is not overly sensitive to the momentum 

roughness length, the method of calculating the heat and vapour roughness lengths is 

important (Table 3.8).  

 

A few published surface energy studies have used the same value of z0 for z0e and z0h 

(Section 3.3.1). In this study, when the roughness lengths were set to be equal, the offset 

was extremely large (Table 3.8). This result agrees with other research where the 

roughness lengths are shown to be important (e.g. Reijmer and Oerlemans, 2002; Cullen 

et al., 2007a). Importantly, this sensitivity testing shows that calculation of roughness 

lengths of heat and vapour must be carefully considered. This is because, although the 

overall change may not be large, the changes in sublimation and melt can be significant 

and cancel each other thus giving the impression that the model is not overly sensitive to 

the change.  

 

In order to test the response of the model to changes in air temperature, it was increased 

by 0.2 ºC, which is the reported accuracy of the sensor (Section 2.5.2, Table 2.5). 

Running the model using this temperature change for the bare ice site shows only a 5.7% 

increase in melting (+3.9 mm w.e.) which is only slightly offset by a decrease in 

sublimation (-0.7 mm w.e.).  

 

The method used to correct for stability is also shown to be relatively important. For the 

bare ice site the correction for stability by Dyer (1974) is used whereas for the debris-

covered ice site the correction used by Businger et al. (1971) was found to be most 
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appropriate. Changing the correction at the bare ice site to that proposed by Högström 

(1988) and by Beljaars and Holtslag (1991) resulted in small changes of 0.3% and –

0.6% respectively. The largest difference was when the stability correction from 

Businger et al. (1971) was applied, which resulted in an overall increase in mass loss of 

2.9%.   

Table 3.8. Change in surface mass balance components over the period 341, 2004 – Day 22, 2005 over 

bare ice with regard to the reference sublimation of 29.0 mm w.e. melt/runoff of 69.4 mm w.e. and net 

surface mass balance of -43.0 mm w.e. Note: the default stability correction used was that of Dyer (1974) 

and the method of calculating roughness lengths of heat and vapour were those by Andreas (1987). 

Parameter adjustment Change in  

sublimation 

(mm w.e.) 

Change in 

melt/runoff 

(mm w.e.) 

Change in 

surface mass 

balance 

(mm w.e.) 
Momentum roughness length 1 x 10

-1
 +2.4(8.4%) -2.1(3.1%) -0.6(1.4%) 

Momentum roughness length 1 x 10
-5

 +0.3(1.1%) -0.4(0.6%) + 0.2(0.4%) 

z0=z0e=z0h +54.8(186%) -19.8(28.5%) - 3.3(7.8%) 

z0h=0.0001 +6.8(23.4%) -3.5(5.1%) +0.3(5.9%) 

Stability correction: Högström (1988) -0.3 (1.1%) +3.5(5.0%) -0.1(0.3%) 

Stability correction: Businger et al. (1971) -1.5(5.3%) +2.7(3.9%) - 1.2(2.9%) 

Stability correction: Beljaars and Holtslag (1991) -0.9(3.0%) +0.8(1.2%) -0.2(0.6%) 

Air temperature (+ 0.2 ºC) -0.7(2.3%) +3.9(5.7%) -2.3(5.4%) 

Relative humidity (+ 2 %) -1.7(6.1%) +1.5(2.1%) - 0.4(0.9%) 

Wind speed (+ 0.2 m s
-1

) +0.9(3.0%) -0.6(0.9%) +0.1(0.3%) 

 

At the debris-covered ice site, the most important parameter is shown to be the thermal 

conductivity. Changes in this parameter resulted in a large increase in ablation beneath 

the debris. Changes to other parameters only altered the proportion of sublimation/melt 

of the snow on the surface.  

 

As with the bare ice, at the debris-covered ice site the roughness lengths of momentum, 

vapour, and heat are important. Changes in these lengths resulted in changes in 

sublimation of up to 10% (Table 3.9).  

 

Conductivities used to test the sensitivity were 3.06, and 0.76 W m
-1 

K
-1

, (double and 

half the value used to run the model). These values were also approximately the 

maximum and minimum values reported and used in the literature for rock and debris 

(Section 3.3.2). When conductivity was set to 3.06 W m
-1 

K
-1

 the melting beneath the ice 

was calculated as 369 mm w.e. compared with 0 mm w.e.. However, when this change 

was made the associated calculated temperatures at 0.15 and 0.30 m deep were much 

higher (> 5ºC) than that recorded during the measurements (not shown) indicating that 

such a high thermal conductivity is likely to be unrealistic. When the thermal 
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conductivity of the debris was set to 0.75 W m
-1 

K
-1

, no melt occurred beneath the 

debris.  

 

Increasing the air temperature was shown not to lead to dramatic increases in melting 

beneath the debris. An increase of 0.2 ºC did not result in any subsurface melting and an 

increase of 1.0 ºC melted only 16 mm w.e. beneath the debris (Table 3.9). Given that at 

the bare ice site a 0.2 ºC increase in temperature resulted in a 5.7% increase in mass loss 

(Table 3.8) this result helps support the concept that the layer of debris is providing the 

underlying ice with some degree of insulation.  

 

Table 3.9. Change in surface mass balance components over the period Day 299, 2003 - Day 16, 2004 

over debris-covered ice with regard to the reference sublimation of 168.3 mm w.e., snowmelt of 94.0 mm 

w.e. and subsurface ice melt 0.0 mm w.e. Note: the default stability correction used was that of Businger 

et al. (1971) and the method of calculating roughness lengths of heat and vapour were those by Andreas 

(1987). 

Parameter adjustment Change in  

sublimation 

(mm w.e.) 

Change in 

snow melt 

(mm w.e.) 

Change in 

subsurface 

melt 

(mm w.e.) 
Momentum roughness length 1 x 10

-1
 +10.6(6.3%) +2.5(2.6%) 0 

Momentum roughness length 1 x 10
-3

 -2.2(1.3%) +0.5(0.5%) 0 

Roughness length of heat z0h=0.0001 +32.5(19.3%) -1.7(1.8%) 0 

Stability correction: Dyer (1974) +14.7(8.7%) +2.1(2.2%) 0 

Stability correction: Högström (1988) +12.1(7.2%) +1.0(1.1%) 0 

Stability correction: Beljaars and Holtslag (1991) +12.1(7.2%) +0.7(0.7%) 0 

Debris thermal conductivity: 3.06 -4.1(2.4%) +0.2(0.2%) 369.3 

Debris thermal conductivity: 0.75 -16.5(9.8%) +2.5(2.6%) 0 

Air temperature (+ 0.2 ºC) +0.4(0.2%) +1.1(1.2%) 0 

Air temperature (+ 1.0 ºC) +3.0(1.8%) -1.2(1.3%) 16.1 

Air temperature (+ 2.0 ºC) +6.0(3.6%) +1.1(1.2%) 71.9 

Relative humidity (+ 2 %) -1.5(0.9%) +1.7 (1.8%) 0 

Wind speed (+ 0.2 m s
-1

) +2.8(1.6%) +0.9(0.9%) 0 

 

 

In summary, the model is shown to be most sensitive to the momentum roughness 

lengths. For bare ice, the model is also shown to be sensitive to air temperature, while 

for debris-covered ice, the debris thermal conductivity is important.  
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3.6 Bare ice site surface energy and surface mass 
balance 

The surface energy balance varied considerably over the modelling period (Figure 3.17). 

Net radiation was the largest gain to the system, and most energy was directed into the 

subsurface (Table 3.10). Available energy was also directed into 

sublimation/evaporation. As discussed in chapter two, the net radiation for the period 

investigated was dominated by the influx of short-wave radiation, and was consistently 

positive. 

Table 3.10.Mean atmospheric conditions and mean heat fluxes for the period of observations from Day 

341, 2004 – Day 22, 2005 at the bare ice site. 

Air temperature (ºC)  -2.3  

Wind speed (m s
-1

)   3.8  

Relative humidity (%)  80 

Net radiation (W m
-2

)  50  

Sensible heat flux (W m
-2

)  -6 

Latent heat flux (W m
-2

)  -19  

Total subsurface flux (W m
-2

)  -25  

 

3.6.1 Turbulent fluxes 

The sensible heat flux (QH) fluctuated between being a source and a sink of energy 

throughout the period (Figure 3.16), with a small mean loss of energy (-5.6 W m
-2

). The 

temperature gradient between the surface and the air was minimal for most of the 

measurement period (mean 1 ºC) resulting in low sensible heat flux (maximum gain of 

27.6 W m
-2

 and loss of –28.3 W m
-2

). Consequently, the calculated sensible heat flux 

value was often less than the standard deviation and needs to be interpreted with caution. 

However, during the measurement period, some sensible heat fluxes were sufficiently 

large that conclusions as to their importance may be drawn.  

 

It is clear that there are episodes when the sensible heat flux became an important source 

of energy (Figure 3.17). Notably, the sensible heat gain was considerable on Day 343, 

2004 (24.4 W m
-2

) and was also large between Days 5 and 8, 2004 (~ 25.0 W m
-2

). This 

gain occurred when Type A synoptic conditions prevailed, as discussed in section 3.6.4. 

Sensible heat flux also varied with wind speed with large positive values occurring 

during periods of high wind speed (Figure 2.21, 3.17). Around day 354, 2004, the 
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sensible heat flux suddenly became a significant sink of energy (-28.3 W m
-2

). This 

change in direction coincided with a very small amount precipitation received (0.3 mm 

w.e.) on day 353 which caused an increase in albedo and associated decrease in net 

radiation (Figure 2.22), as well as an overall drop in air temperature (Figure 2.21).  

 

Although latent heat flux (QE) is subject to relatively high uncertainty (Section 3.4.1) it 

remained negative for the entire measurement period showing that sublimation plays a 

significant role. On average, latent heat flux was a net sink of energy at –19.2 W m
-2

, but 

ranged considerably, from –3.3 to –50.6 W m
-2 

for daily means (Figure 3.17). The 

smallest mass losses due to latent heat flux occurred near the end of the measurement 

period when the ice had snow on the surface, and the surface temperature was 

decreasing rapidly (Figure 2.21). Latent heat flux loss was substantial at times during the 

modelling period (up to –50 W m
-2

) especially near the beginning of the measurement 

period (Day 343, 2004) and when the surface temperature was below zero, indicating 

that sublimation was prevalent (Figure 3.17). The latent heat flux loss was also 

 Figure 3.17 Time series of surface energy balance components at the bare ice site for the period Day 

341, 2004 – Day 22, 2005. Positive fluxes represent a gain to the surface. 
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considerable (~ -36 W m
-2

) between Days 3 and 6, 2005, almost offsetting the energy 

gained from sensible heat (Figure 3.17). 

3.6.2 Subsurface energy flux 

The amount of energy directed downwards into the ice was equivalent to that directed 

into the combined turbulent fluxes (Table 3.10). This energy was used both to warm the 

subsurface and for melting. The total subsurface flux started out large (~ 60 W m
-2

), and 

reduced considerably by the end of the measurements (~15 W m
-2

). It had a maximum of 

79.9 W m
-2

 and the daily mean had occasional positive values (up to 21.6 W m
-2

), this 

was when heat directed from the subsurface to the surface (Figure 3.17).  

 

3.6.3 Surface mass balance 

Over the modelling period at the bare ice site (Day 341, 2004 – Day 22, 2005) surface 

mass balance components varied considerably (Figure 3.18) and there was a net loss of 

mass at the surface of 43.0 mm w.e. During the period a total of 55.7 mm w.e. was 

received as precipitation (prescribed). Total ablation was 98 mm w.e., with melting 

accounting for 69.3 mm w.e. (70%) and sublimation 29.2 mm w.e. (30%).   

 

 Melting at the bare ice site occurred primarily in the first half of the measurement 

period (Figure 3.18) with most occurring between Day, 349 - 359, 2004, with a loss rate 

of up to 11 mm w.e./day. This maximum melt period coincided with the highest net 

radiation recorded for the site (Figure 2.22), which occurred during Type B synoptic 

conditions (discussed in section 3.6.4). 

 

Sublimation occurred throughout the entire measurement period (Figure 3.18), with a 

maximum loss of 1.5 mm w.e. day
–1

. Sublimation was enhanced during periods of high 

winds (Day 343, 2004, and Days 4-5, 2005). The overall quantity of sublimation was 

reducing through the modelling period when air and surface temperatures were also 

reducing (Figure 2.21). From Day 5, 2005 sublimation became the dominant loss of 

mass from the surface at the bare ice site. 

 

Almost all the precipitation received was ablated by the end of the period, which was 

evident in a small amount of snow on the surface (~0.02 m) when the site was revisited 

at the end of the measurement period.  
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3.6.4 Synoptic conditions 

Using the synoptic types defined in chapter two (Section 2.4) surface energy and surface 

mass balance data can be compared for the different types (Figure 3.19, 3.20). 

Significance testing on each of the components during different synoptic types 

(Appendix D) shows that over bare ice, all the energy balance components for Types A 

and B are significantly different. Type A and C are significantly different for the 

turbulent fluxes but not the subsurface flux. Type B and C can only be distinguished by 

their sensible and subsurface fluxes. Only sublimation can be considered a significantly 

different mass balance component (Appendix D). 

 

During type A conditions, sensible heat flux was a significant source of energy (21.6 W 

m
-2

) to the bare ice surface, being over half the mean net radiation (Figure 3.19). 

Sensible heat flux was enhanced due to the air mass being relatively warm and 

Figure 3.18 Time series of surface mass balance components at the bare ice site for the period Day 341, 

2004 – Day 22, 2005. Positive fluxes represent a gain to the surface.
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turbulence being increased (Section 2.7.1). During these periods, there was also a large 

negative latent heat (-34.7 W m
-2

) which partly offset the gain through sensible heat flux 

(Figure 3.19). As net radiation was relatively low during type A conditions (40.6 W m
-2

) 

the corresponding total subsurface flux was low (-27.5 W m
-2

). Energy conducted into 

the ice and snow was sufficient to allow melt (and subsequent runoff) to occur (Figure 

3.20). This melt rate was higher than the rate of sublimation, with a mean daily rate of 

1.8 mm w.e. and 1.0 mm w.e. respectively. During type A conditions there was also 

considerable precipitation recorded (5.0 mm w.e.) although the precipitation was highly 

variable (Figure 3.20). Overall, during Type A conditions there was net accumulation.   

 

 

During type B conditions turbulent fluxes were small due to low wind speeds (Figures 

3.19 and 2.21). Sensible heat flux was very small and positive (0.9 W m
-2

) and latent 

heat low (14.4 W m
-2

). During these conditions the net radiation was relatively high 

(mean 68.2 W m
-2

). Since the turbulent fluxes were low, this gain of energy was mostly 
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Figure 3.19 Mean energy balance terms at the bare ice for each of the synoptic types a) low 

pressure system residing in the Ross Sea Embayment, b) anticyclonic conditions across region, 

c) low pressure system extending into the Ross Sea Embayment. Error bars show standard 

deviation. 
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directed towards subsurface (54.6 W m
-2

). The result of this energy gain was 

considerable melting (-5.4 mm w.e.), and minimal sublimation/evaporation (-0.44 mm 

w.e.). As trace precipitation was recorded for the days classed as type B during the 

model run (Day 341, 2004 – Day 22, 2005), the net daily mean surface mass balance 

was the largest for the three synoptic types, at -5.4 mm w.e. 

 

During type C conditions sensible heat flux was small and negative (-4.7 W m
-2

), latent 

heat flux during these conditions was also negative and relatively low (-15.6 W m
-2

). 

During these conditions the net radiation was intermediate between the other two types 

(mean 49.4 W m
-2

). Type C conditions lost mass by both melt and sublimation with the 

majority by melt (-2.2 mm w.e.). Mass loss by sublimation was a similar value as during 

type B conditions (0.45 mm we.). Also similar to type B conditions, trace precipitation 

was recorded for the days classed as type C during the model run (Day 341, 2004 – Day 

22, 2005). Overall Type C conditions represented a mean net surface mass balance loss 

at –2.65 mm w.e.. 

Figure 3.20 Mean daily surface mass balance terms at the bare ice for each of the synoptic types a) 

low pressure system residing in the Ross Sea Embayment, b) anticyclonic conditions across region, c) 

low pressure system extending into the Ross Sea Embayment. Error bars show standard deviation. 
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3.7 Debris-covered ice site surface energy and surface 
mass balance 

In order to capture as much variability as possible the surface energy and surface mass 

balance of the debris-covered ice site is examined for the two periods: Day 299, 2003 – 

Day 16, 2004 and Day 317 – 339, 2004. Although these periods were different to the 

bare-ice site period (discussed in the previous section), as synoptic systems are 

considered, they can be compared and contrasted.  

 

Similar to the bare ice site the surface energy balance varied considerably over the 

measurement period (Figure 3.21). The direction and magnitude of the fluxes were 

similar during both model periods (Table 3.11). Therefore, only the longer-term period 

is presented graphically.  

 

Net radiation was the largest gain to the system (mean 118 W m
-2

) and latent heat, the 

largest loss (mean –59 W m
-2

). Available energy was apportioned into 

sublimation/evaporation, sensible heat flux, as well as being directed into the debris 

subsurface (Table 3.11). As discussed in chapter two, because of a low albedo of debris-

covered ice, net radiation was much larger at this site than for the bare ice site (mean 

difference of 63 W m
-2

).  

 

Table 3.11 Mean atmospheric conditions and mean heat fluxes for the period of observations at the 

debris-covered ice site. 

Variable Day 299, 2003 - Day 16, 

2004 

Day 317- Day 339, 2004 

Air temperature (ºC) -3.8  -4.0  

Wind speed m s
-1

 3.5  3.9  

Relative humidity% 63  57 

Net Radiation (W m
-2

) 118  144 

Sensible heat flux (W m
-2

) -35  -39 

Latent heat flux (W m
-2

) -59 -80 

Total subsurface flux (W m
-2

) -28 -25 
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3.7.1 Turbulent fluxes 

Sensible heat flux was an overall loss to the system (-34.9 W m
-2

), indicative of warm 

surface temperatures (Figure 3.21). At the beginning of the period, when the surface was 

covered in snow, the sensible heat flux values were small (mean -20 W m
-2

). After ~ 

Day 344, 2004, when the debris surface became snow free, the temperatures were higher 

and the sensible heat flux remained a large net loss to the system (mean –93 W m
-2

) 

(Figure 3.21). However, sensible heat flux did fluctuate throughout the period with a 

maximum and minimum of 47.3 and –95.9 W m
-2

 respectively (Figure 3.21).  

 

The calculated latent heat flux was always negative and increased slightly over the 

period (Figure 3.20). Latent heat flux was shown to be smallest at the beginning of the 

modelling period (Prior to day 330, 2003) when the surface was covered in snow. 

During the period Day 331 – 336, 2003 there was an increased rate of latent heat loss (~ 

-70 W m
-2

) which was associated with strong wind speeds (Figure 2.17) and positive 

sensible heat flux (Figure 3.21). When the debris became snow free (~ Day 344, 2003) 

the latent heat flux remained reasonably high (Figure 3.21). The fact that the latent heat 

Figure 3.21 Time series of Surface energy balance components at the debris-covered ice site for the period 

Day 299, 2003 - Day 16, 2004. Positive fluxes represent a gain to the surface.  
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flux was so large after the snow had disappeared may be a result of the debris being 

considered saturated with respect to its surface temperature, suggesting that the values 

were likely to be overestimated. As stated above (Section 3.4.3) any latent heat flux 

losses from the ice at the debris-ice interface are likely to be negligible.  

3.7.2 Subsurface energy flux 

Over the modelling period, energy was transferred from the atmosphere to the 

subsurface with a mean rate of –28 W m
-2

. This total includes short-wave radiation 

penetrating into the snow layer, melt energy, and energy that was conducted downwards.  

 

At the very beginning of the measurement period, the total subsurface fluxes were low 

(< -25 W m
-2

). At around Day 313, 2003, there are gains to the surface from both 

sensible heat (up to 41 W m
-2

) and net radiation (~ 127 W m-
2
). During this period only 

a small amount of energy was directed into latent heat flux, and as a result of this the 

majority of the energy is directed to the subsurface (Figure 3.21). While a proportion of 

this energy was conducted downwards into the snow and underlying debris a large 

amount was used to melt the snow (Section 3.7.3). After Day 316, 2003, sensible heat 

flux became a net loss and total energy directed into the subsurface was dramatically 

reduced (Figure 3.21). For the rest of the modelling period the subsurface flux remained 

low in comparison, occasionally becoming a small source (maximum 12 W m
-2

) of 

energy (Figure 3.21) when the underlying debris was warmer than the surface.  

 

3.7.3 Surface mass balance 

Surface mass balance at the debris-covered ice site was calculated at two points. Firstly, 

the accumulation and ablation of snow on the surface of the debris was determined and 

secondly, the ablation of ice at the debris-ice interface. 

 

All of the 0.30 m of old snow on the surface (~120 mm w.e.) and all additional snowfall 

(18.9 mm w.e.) was removed during the modelling period (Figure 3.22). The initial 

snow was ablated by both sublimation and melting with the majority (93.9 mm w.e.) 

being removed by melting and runoff between Day 305 and 316, 2003 (Figure 3.22). 

The remainder was ablated by sublimation. Based on albedo the debris surface is 

assumed to become snow free from approximately Day 344, 2003 onwards with only the 

occasional precipitation event changing this condition.  
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As discussed in section 3.4.4 the amount of energy reaching the debris-ice interface did 

not increase the temperature to melt point during the modelling period and it is inferred 

on this basis that no loss of mass occurred at the debris-ice interface. Furthermore, the 

sensitivity testing (Section 3.5) showed that a considerable increase in temperature 

would only cause a small quantity of melting to occur at the debris-ice interface. 

Therefore it is suggested that, in this case, the debris is insulating the underlying ice 

from significant ablation. This supports the findings of researchers who have found that 

ablation was significantly reduced under thick debris (Purdie and Fitzharris, 1999; Pelto, 

2000; Kayastha et al., 2000; Nicholson and Benn, 2006). 

 

 

3.7.4 Synoptic conditions 

In contrast to the bare ice site the surface energy balance during the three different 

synoptic types are similar (Figures 3.23, 3.24). During the model run for the debris-

covered ice site (Day 299, 2003 – Day 16, 2004) only type A and B could be considered 

significantly different from each other, and only then for the turbulent fluxes and net 

radiation (Appendix E).  

Figure 3.22 Time series of surface mass balance components at the debris-covered ice site for the period 

Day 299, 2003 - Day 16, 2004. Positive fluxes represent a gain to the surface. 
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In all three synoptic types, net radiation was the predominant source of energy with 

turbulent fluxes and subsurface flux representing a net loss of energy (Figure 3.23). 

Similarly, the largest sink was latent heat flux, followed by sensible heat flux, then 

subsurface flux. During type B conditions, the net radiation was appreciably higher 

(161.8 W m
-2

) compared to the other types (100.3 and 138.6 W m
-2

). As a result, during 

type B conditions the sinks were all increased (Figure 3.23). 

 

As it was determined that no melting occurred at the debris-ice interface (Section 3.7.3) 

the mean daily net surface mass balance values for the debris-covered ice refer to the 

active surface only (debris, or snow-on-debris). In contrast to the bare ice site, during the 

modelling period, precipitation was only recorded during type B and C conditions 

(Figure 3.24). Both melting and sublimation ablated the snow on the surface, with 

melting only occurring during type A and C conditions (Figure 3.24). As the latent heat 

flux is subject to high uncertainty - especially after the snow has ablated (Section 3.4.4) 
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Figure 3.23 Mean energy balance terms at the debris-covered ice site for each of the synoptic types a) 

low pressure system residing in the Ross Sea Embayment, b) anticyclonic conditions across region, c) 

low pressure system extending into the Ross Sea Embayment. Error bars show standard deviation. 
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- it is difficult to draws conclusions from the sublimation reported for the whole period, 

as it is determined from the latent heat flux.  

 

Figure 3.24 Mean daily surface mass balance terms at the debris-covered ice site for each of the 

synoptic types a) low pressure system residing in the Ross Sea Embayment, b) anticyclonic conditions 

across region, c) low pressure system extending into the Ross Sea Embayment. Error bars show 

standard deviation. 
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3.8 Comparison with other research 
Comparison with several other studies is possible because most previous work has been 

for summer periods. For the bare ice site, net radiation is similar to that of Bintanja 

(2000) although larger than for other sites (Table 3.12). This similarity is likely due to 

the type of surface. Most energy balance studies performed in the Antarctic have been 

over snow surfaces with high albedos, and, consequently low net radiation (Table 3.12), 

whereas the work by Bintanja is over a “blue ice area”.  

 

In agreement with results from several other researchers, this work showed periods 

where the turbulent fluxes have opposing signs (Konzelmann and Braithwaite, 1995; 

Schneider, 1999; Braun and Hock, 2004). Results in this study also agreed with with 

Braun and Hock (2004), who found that sensible heat flux can be an important source of 

energy. The latent heat flux loss is reported here is larger than for most studies on snow 

and ice, while less that that reported by Bintanja (2000). This inconsistency is possibly 

due to the fact that surface melting is occurring at the bare ice site used in this study.  

 

To the author’s knowledge there are no other studies showing the influence of debris on 

energy transfers at high latitude sites. Similar studies at lower latitudes show the 

influence of different radiation, temperature and humidity environments. For example, 

Takeuchi et al. (2000) found that for the debris surface of the Khumbu Glacier in Nepal, 

net radiation was high, and both turbulent fluxes were negative. High net radiation and 

similar flux directions were also found in this research for the debirs-covered ice site 

(Table 3.12). Conversely, the results in this study are in contrast with recent work from 

Nicholson and Benn (2006) who report positive values of sensible heat flux at 

Larsbreen, Svalbard and Ghiacciaio del Belvedere, Italian Alps. Nicholson and Benn 

(2006) do, however, report negative flux values if the debris surface is considered dry.  

 

With respect to the influence of synoptic systems on the surface energy and surface mass 

balance the comparison is encouraging. This work supports that of Braun et al. (2001) 

who found distinctive characteristics in the surface energy balance in relation to synoptic 

types, especially during conditions that have an influx of warm, moist air. This work 

also supports the conclusions of Riejmer and Oerlemanns (2002) who state that the 

energy balance of ice shelves close to the coast are strongly influenced by synoptic 

weather systems. 
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Table 3.12 Summertime energy balance components from observations in this research and other similar environments reported in the literature. Surface types are: D, 

debris-covered ice; I, bare ice; S, snow. 

Location Latitude/Longitude Elevation 

(m.a.s.l.) 

Time period of observations Surface 
type 

Q
* 

(W m-2) 

QH 

(W m-2) 

QE 

(W m-2) 

QG 

(W m-2) 

Reference 

McMurdo Ice Shelf 78º00’ S  165º32’ E ~30 12
th

 November – 5
th

 December 2004 D 144 -39 -80 -25 This research 

 78º00’ S  165º05’ E ~30 25
th

 October 2003- 16
th

 January 2004 D 118 -30 -59 -28  

 78º00’ S  165º05’ E ~30 6
th

 December – 22
nd

 January 2005 I 50 -5 -19 -25  

Khumbu Glacier, Nepal 28.00 N 86.83 E 

 

5360 22
nd

 May – 1
st
 June 1999 I 190 10 - -200

†
 Takeuchi et al., 2000 

 28.00 N 86.83 E 

 

5360 22
nd

 May – 1
st
 June 1999 D 180 -30 -90 -60  

Antarctic Peninsula 68º08’ S  67º06’ W ~120 20
th

 December – 21
st
 February 1995 S 9 35 -25 - Schneider, 1999 

King George Ice Cap 62º10’ S 58º40’ W 85 

 

2
nd

 December 1997 – 12
th

 January 1998 S 22 9 -1 - Braun et al., 2001 

 62º08’ S 58º37’ W 255 2
nd

 December 1997 – 12
th

 January 1998 S 20 1 -3 -  

 62º08’ S 58º30’ W 385 6
th

 December – 17
th

 December 1997 S 16 -3 -2 -  

 62º08’ S 58º20’ W 619 19th December – 11
th

 January 1998 S 3 -2 -3 -  

Dronning Maud Land 74º35ºS 11º13’W 

 

1180 1
st
 January  – 10

th
 February 1993 

 

I 42 -7 -29 -6 Bintanja, 2000 

 74º35’S  11º13’W 

 

1120 28
th

 December 1997 – 2
nd

 February 1998 

 

I 50 0.4 -34 -16  

Dronning Maud Land 72º45’ S 15º29’W 34 1
st
 - 30

th
 November, 1998, 1999  S 0 4 -2 -4 Reijmer and Oerlemanns, 2002 

   1
st
 – 31

st
 December, 1998, 1999 S 7 5 -3 -5  

   1
st
 January – 31

st
 January, 1998,1990,2000 S 0 4 -6 -4  

   1
st
 February – 28

th
 February, 1998,1999 S -3 5 -4 -1  

   1998 S -2 3 -1 -0.2  

   1999 S -1 2 -1 0.1  

Larsbreen Svalbard, Norway* 78º11’ N 15º33’ E 200 9
th

 – 20
th

 July 2002 D 90 100 -200 -25 Nicholson and Benn, 2006 

Ghiacciaio del Belvedere, Italy* 45º57’ N 4º34’ E; 2000 6
th

 – 10
th

 August 2003 D 175 0 -75 -60 Nicholson and Benn, 2006 

†
Calculated energy used for melting, * for saturated debris 0.4 m deep, approximate 
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3.9 Summary 
An adapted energy balance model was used to model surface energy and surface mass 

balance on the McMurdo Ice Shelf for two different surface types. The turbulent fluxes 

were modelled reasonably well, with a slight underestimation of sensible heat flux and 

overestimation of latent heat flux. Mean daily surface and subsurface temperatures were 

captured well within the model suggesting that the subsurface processes are modelled 

correctly. It is considered that the model performs well enough to use in assessing the 

surface energy and surface mass balance of two sites on the McMurdo Ice Shelf. 

 

At the bare ice site the main source of energy was net radiation, but sensible heat 

becomes important at times. Half of the available energy was channelled into subsurface 

processes and half into turbulent fluxes. Ablation at the bare ice site was by both 

sublimation and melting. The melting occurred in the first half of the measurement 

period and accounted for the majority (70%) of the mass loss at the surface. Sublimation 

occurred continuously throughout the period.  

 

For the debris-covered ice site net radiation was also the dominant energy source. The 

magnitude of energy available at the surface was approximately three times larger than 

that measured at the bare ice site. The snow that was on the debris-covered ice at the 

beginning of the measurement period was all ablated by sublimation (~22%) and melt 

(~78%). Results suggest that the debris at this site is sufficiently thick to protect the ice 

underlying the debris from significant ablation. 

 

At the bare ice site the surface energy and surface mass balance was distinct for different 

synoptic situations. During Type A conditions sensible heat becomes a source of energy 

and precipitation is increased resulting in an overall net gain at the surface during these 

conditions. During Type B conditions net radiation was high and most of this was 

directed towards the subsurface resulting in a high melt rate. Type C conditions were 

intermediary between A and B with an overall net mass loss.  

 



- 114 – 

 

At the debris-covered ice site surface energy and surface mass balance was not 

significantly affected by synoptic scale atmospheric conditions, inferring that the debris 

insulates the ice from the atmosphere.  

 

The surface energy balance for the bare ice site in this research was similar to that the 

Blue Ice Areas of Dronning Maud Land, but it has considerable melting, whereas the 

Blue Ice Areas are not reported as melting. Although little work is available for 

comparison, the debris-covered ice surface energy balance appears similar to that 

determined for a debris-covered glacier in Nepal.  
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Detecting distributed surface 
characteristics 

 

4.1 Introduction 
In order to evaluate the spatial pattern of summertime surface mass balance of the 

McMurdo Ice Shelf, chapter five will use a distributed surface mass balance model. To 

initiate the model, it is necessary to know the existing distribution of surface type and 

albedo. Validation of the model requires direct measurements of surface mass balance 

which can also be used to identify broad trends. This chapter describes how these data 

were generated.  

 

The primary aim of this chapter is to detect the surface characteristics used to initiate and 

validate the model in chapter five. This is achieved through addressing the following 

specific objectives: 

• Illustrate the general trend of summertime surface mass balance using stake 

measurements.  

• Determine the spatial distribution of surface types and albedo of the McMurdo Ice 

Shelf using remote sensing.  

 

In order to address the chapter objectives, a combination of field based measurements and 

optical remotely sensed imagery were used. Several image processing techniques were 

applied including Principal Components Analysis (PCA), supervised classification, and 

narrow to broadband conversion. Results were compiled and presented using GIS software.  

 

This chapter begins with a brief summary on the remote sensing of glacier surfaces, 

followed by a description of the data acquired and methods used. The methods section 

describes the processes involved in stake measurement processing, using remote sensing to 

find transient snow lines, differentiating the debris-covered ice, creating a mean surface 

type distribution image, and how an approximate albedo distribution image was created. 

The results are presented and discussed, and then the chapter concludes with a summary of 

the major findings. 

4 
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4.2 Remote sensing of glacier surfaces 
Satellite remote sensing provides an excellent platform to enable the determination of the 

spatial distribution of glacier albedo (Gao and Liu, 2001; Kargel et al., 2005; Massom and 

Lubin, 2006). However, albedo alone cannot necessarily be used to distinguish between 

different surface types. For example, as the albedo of snow and ice, dirty ice and debris-

covered ice are on a continuum, separating these by just albedo may not be possible 

without extensive ground based knowledge. It is therefore beneficial to use more than just 

albedo when differentiating surface types. Much of the research using remote sensing of 

glacier surfaces has focussed on two distinct themes, that of distinguishing between 

surfaces found on glaciers using remotely sensed signatures of snow, ice and debris-cover, 

and that considering short-wave albedo specifically. 

 

The accumulation and ablation areas of typical gravity-driven glaciers are separated by the 

equilibrium line, where the annual net accumulation is zero (Paterson, 1994). Traditionally, 

the location of the annual equilibrium line is determined with stake measurements over a 

mass balance year, but this is laborious and logistically intensive. To counter this, various 

studies have attempted to determine the transient snowline using remote sensing 

techniques. These techniques rely on the fact that as snow ablates throughout the summer 

the transient snowline retreats and its position at the end of the season can be used as a 

proxy for the annual equilibrium line (Chinn, 1999; Gao and Liu, 2001; Konig et al., 2001; 

Massom and Lubin, 2006). Ice shelves do not have an equilibrium line as such, but surface 

accumulation/ablation boundaries can be located using similar methods as those used to 

identify transient snow lines. These methods are based on the spectral properties of snow 

and ice.   

 

Spectral signatures of the surfaces found on an ice masses are distinctive (Figure 4.1), 

enabling them to be identified by means of remote sensing. Studies have performed 

comparisons of field and satellite-derived glacier surface spectral signatures with success 

(Warren et al., 1986; Hall et al., 1990; Winther, 1994; Boresjö Bronge and Bronge, 1999).  

Therefore, the use of multi-spectral sensors with adequate bandwidth makes discrimination 

of glacier surfaces from remote sensing platforms feasible.  



- 117 – 

 

 

 

Both optical and radar imagery (Table 4.1) have been used for the detection of glacier 

surface types and transient snow lines, although radar imagery has been most commonly 

used. Recently, the use of optical imagery has been brought to focus since the launch of the 

Terra Satellite and the provision of Advanced Spaceborne Thermal Emission and 

Reflection Radiometer (ASTER) images. ASTER imagery is easily obtained, of high 

resolution, available at a small cost, and has standardised processed products (Kargel et al., 

2005).  

 

ASTER provides a new optical data source that has yet to be exploited fully for glacier 

research (Kargel et al., 2005). Arigony-Neto et al. (2006) created an algorithm based on a 

thresholded TM band 4/band 5 ratio image using ASTER’s equivalent bands 3 and 4 to 

determine glacial areas on the Antarctic Peninsula. Using ASTER band 3 and band 1/band 

3 Peru’s Cordillera Blanca was classified into snow and ice, dirty ice, lakes, moraine, rock, 

and vegetation (Kargel et al., 2005).  

 

A large number of studies have used other sources of optical imagery to distinguish 

between different surfaces, with band ratio methods often employed. For example 

Williams et al. (1991) used Landsat Thematic Mapper (TM) band 4/band 5 ratio to 

differentiate ice from snow on Brúarjökull, Iceland.  A transition area between the ice and 

Figure 4.1 Spectral reflectance curves between 0.4 and 1.2 µm for fresh 

snow, firn, glacier ice, and dirty glacier ice. 

Source: Gao and Liu, 2001 p.522. 
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snow was also found and defined as the slush area (Williams et al., 1991). The normalised 

difference snow index (NDSI) is a ratio based tool and is used in the standard snow map 

product produced by NASA’s Earth Observing System (EOS) using the Moderate-

Resolution Imaging Spectrometer (MODIS) instrument (Hall et al., 2002); it was originally 

based on the bands TM band 2 and TM band 5 and is calculated as follows: 

52

52

bandband

bandband

TMTM

TMTM
NDSI

+

−
=  

4.1 

 

NDSI combined with the band ratio TM band 4/band 5 were successfully used by Sidjak 

and Wheate (1999) to discriminate between different glacier surface types in British 

Columbia, Canada. Boresjö Bronge and Bronge (1999) found that the TM band 3/band 4 

ratio was better than TM band 4/band 5 at discriminating between blue ice and snow with 

various characteristics in the Vestfold Hills, East Antarctica.  

 

Microwave remote sensing provides an excellent data source due to its relative ability to 

penetrate cloud cover. Synthetic aperture radar (SAR) imagery has frequently been used to 

distinguish between glacier surfaces and to locate transient snow lines (Massom and Lubin, 

2006). SAR imagery is sensitive to liquid water, thus enabling the distinction between 

areas of wet and dry snow (Lillesand and Kieffer, 1994). Brown et al. (1999) concluded 

that the firn line could be located to an accuracy of ± 20 – 40 m on Icelandic ice caps using 

images from the European Remote Sensing Satellite (ERS) SAR. In Antarctica, Braun et 

al. (2000) successfully used SAR images to map the ablation area on the King George Ice 

Cap. Furthermore, Special Sensor Microwave Image (SSM/I) data has been used to 

determine both the extent and the timing of the onset of melt in high latitudes (Fahnestock 

et al., 2002; Liu and Wang, 2006).  

Table 4.1 Remote sensing platforms used in detection of surface characteristics of glacier surfaces. 

Abbreviation Name Type Resolution 

ASTER Advanced Spaceborne Thermal 

Emission and Reflection Radiometer 

Optical 15 m 

LANDSAT Land Satellite Optical 30 m 

MODIS Moderate Resolution Imaging 

Spectroradiometer 

Optical 250 – 1000 m 

SSM/I Special Sensor Microwave/Imager SAR 25 km 

AVHRR Advanced Very High Resolution 

Radiometer 

Optical 1100 m 

ERS European Remote Sensing Satellite SAR 30 m 
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Few direct comparisons between the use of optical imagery and SAR for detecting glacier 

surface features have been published (De Ruyter de Wildt and Oerlemanns, 2003; 

Arigony-Neto et al., 2006). De Ruyter de Wildt and Oerlemans (2003) compared the use of 

albedo derived from AVHRR (Advanced Very High Resolution Radiometer) images with 

SAR images. Albedo images were used to detect the firn and transient snowlines on 

Vatnajökull, Iceland. Although there were difficulties in finding ideal imagery, it was 

found that the optical reflectance imagery was more useful than SAR in finding inter-

annual variations (De Ruyter de Wildt and Oerlemans, 2003). Arigony-Neto et al. (2006) 

proposed a technique to determine glacier areas using both radar and optical imagery and 

by using a glacier centreline approach in order to remove the need for use of a Digital 

Elevation Model (DEM) to correct for topographical effects although the results are yet to 

be published.  

 

Supraglacial debris introduces a number of problems into image processing. Because of 

high heterogeneity of debris found on glaciers, misclassification can occur. If the debris 

dominates the pixel it is difficult to detect ice using multispectral classification (Bishop et 

al., 1995; Paul et al., 2004). Furthermore, debris-covered ice is often spectrally similar to 

surrounding land. Several attempts have been made to overcome these issues including 

using Thermal Infrared (TIR) bandwidths but these were not successful (Taschner and 

Ranzi, 2002).  Paul et al. (2004) had some success by combining multispectral 

classification and slope derived from a DEM.  

 

Research concerning remote sensing of short-wave albedo of glaciers has generally been 

focussed on narrow to broadband conversion and its validation (e.g. Knap et al., 1999; 

Reijmer et al., 2001). This is because the albedo used in energy balance studies includes 

the wavelengths 0.3-3.0 µm, whilst the measurements made on remote sensing platforms 

are for multiple narrow bands (Liang, 2001).  Some research, however, has been performed 

using albedo to detect surface features, for example, Greuell and Knap (2000) used 

Landsat derived albedo to detect the slush line of the Greenland Ice Sheet.  

 

Overall, remote sensing has proved a useful tool for detecting different glacier surface 

types. Both microwave and optical imagery have been used with success, with SAR been 

the most commonly used. Difficulties have arisen due to mixed pixels, topographic effects, 
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debris cover, and image availability. This research combines the use of remotely sensed 

data with ground based measurements in order to eliminate as many of these types of 

issues as possible. 
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4.3 Data and Methods  
The objectives of this chapter are addressed by using a combination of ground based 

measurements and remote sensing techniques. Ground based data collection included stake 

and albedo measurements. ASTER imagery was acquired for the remote sensing 

component.  

 

In order to identify spatial patterns of surface mass balance, stake data from this research 

and from the literature were digitised and presented. A surface type distribution image was 

created using a succession of processing techniques. Firstly transient snowlines were 

detected for the ASTER images available. Next, using ASTER imagery the debris-covered 

ice was differentiated from the surrounding bare ice. Finally, the mean surface type 

distribution image was produced by combining these results and by extrapolating the 

surfaces types to areas that were not covered by remote sensing imagery. Each of these 

stages is described in this methods section. After the surface type image was created, an 

approximate albedo distribution image was created for use in chapter five. This image was 

produced using remotely sensed imagery and narrowband to broadband conversion. 

 

Before creating these distribution images, it was first necessary to demarcate the ice shelf 

from its surroundings. The ice front digitised by Lawson et al. (submitted) was used for 

this study as no significant calving events had occurred since the SAR image they used for 

digitising was obtained. Land based boundaries, including the Koettlitz Glacier grounding 

line were obtained in digital format from SCAR (1993).  The results from this chapter are 

combined in ESRI® ArcMap™ 9.0, geocoded using a Universal Transverse Mercator 

(UTM) projection, area 58 south, and datum WGS 1984. 

 

4.3.1 Mass balance stake measurements 

A network of mass balance stakes was set out across the northern part of the ice shelf in 

November 2003 (Figure 4.2). The stakes consisted of hollow white PVC poles that were 

drilled into the ice shelf. The stakes were revisited and measured in December 2003, 

January 2004, November 2004, and January 2005, providing two summers and one winter 

of data. Several extra stakes were used in the 2004-2005 summer to increase the coverage 

(Figure 4.2). The change in surface height was measured at each stake and then the mm 

w.e. was calculated using an assumed density of 917 kg m
-3

 at ice sites and measured 
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density at snow sites.  As the stake measurements were made on different dates, and in 

order to make reasonable comparisons, a daily surface mass balance rate was determined 

for each stake.  

 

Historical stake data for the McMurdo Ice Shelf from 1964-1984 was compiled by 

MacCrae (1984). Most of these stakes were in the accumulation area of the McMurdo Ice 

Shelf; however, a few were further to the west and were recorded as ablating. Based on 

these data, McCrae (1984) estimated the line of mean zero accumulation and this was 

manually digitised for comparative use in this study. Stuart and Bull (1963) published the 

location of a transition area between accumulation and ablation for the ice shelf for 1959-

1960, which was also used for comparison. Furthermore, a zone of transition between 

ablation and accumulation for the summer of 1966-1967 was reported by Paige (1968).   

 

4.3.2 Remote sensing data 

ASTER provides data as different levels: L1A, L1B, and L2. L1A data is unprocessed data 

whereas L1B imagery has been corrected for striping and band-to-band co-registration. 

The L2 surface reflectance data product (AST07) contains surface reflectance for each of 

the nine VNIR and SWIR bands with atmospheric corrections pre-applied. These 

corrections remove effects due to satellite-sun geometry and atmospheric conditions. The 

Figure 4.2 Stake locations on the McMurdo Ice Shelf for the 2003-2004 and 2004-2005 

summer field campaigns. 
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absolute accuracy for the AST07 product is ~7% for reflectances over 0.15 (Abrams and 

Hook, 2001). Further details and a description of the correction algorithms are outlined in 

Abrams and Hook (2001).  

 

Each data granule provided by ASTER covers 60 x 60 km. Due to the extent of the 

McMurdo Ice Shelf, it was necessary to find two images that were acquired sequentially 

over the ice shelf to get maximum coverage. It was also necessary to find images that have 

minimal or no cloud cover. The NASA Earth Observing System Data Gateway (EDG) 

database was searched for imagery meeting these requirements from 2001-2006. Two pairs 

of data granules that satisfied these criteria were located, one pair was obtained on the 3
rd

 

February 2003 20:57 UTC and another pair on the 10
th

 December 2004 at 20:30 UTC. This 

second pair also coincided with ground-based measurements at the AWS (see section 

2.5.2).  

 

The L2 surface reflectance AST07 product was obtained for both pairs of data granules. 

Mosaic images of the pairs of data granules were created for all bands using triangulation 

with nearest neighbour interpolation in Research Systems Inc. (RSI) ENVI 4.2 image 

processing software. The ice shelf coverage afforded by the two mosaics is shown in 

Figure 4.3. To aid extrapolation beyond the area covered by the AST07 image pairs, a L1B 

clear-sky image from 20
th

 October 2001 was also acquired. Table 4.2 outlines all ASTER 

data granules used in this research. 

Table 4.2 ASTER data granules obtained from the NASA Earth Observing System Data Gateway. 

Date, time ASTER data granule name Level  

20
th

 October 2001, 

20:55 

AST_L1B.003:2006255987 ASTER L1B Registered radiance at 

the sensor V003 

3
rd

 February 2003, 

20:57 

AST_L1A.003:2011376230 ASTER L2 Surface Reflectance 

3
rd

 February 2003, 

20:57 

AST_L1A.003:2011376267 ASTER L2 Surface Reflectance 

10
th

 December 2004, 

20:30 

AST_L1B.003:2027023214 ASTER L2 Surface Reflectance  

10
th

 December 2004, 

20:30 

AST_L1B.003:2027023299 ASTER L2 Surface Reflectance 
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Two of the data granules used had minor imperfections. An area of cloud is detectable in 

the 3
rd

 February 2003 image, in the north part of the northernmost image. This is not 

considered to be a problem for this application as it is mostly over land, only covers a very 

small area of the ice shelf, and is not an area focussed on in this study. Within the 

northernmost data granules acquired on the 10
th

 December 2004 a region of distorted data 

across the middle of the image (Figure 4.4) is evident. The distortion is present in all bands 

except 3B (the backward facing sensor). The region of distortion is slightly offset for each 

band. It is suggested that this is related to the timing of the various band acquisitions, 

implying that some form interference occurred while the satellite was recording the nadir 

imagery. The region of distorted data has not affected the overall image projection. Thus it 

was decided to continue to use the image, and interpret the results accordingly. 

 

Figure 4.3 McMurdo Ice Shelf outline, showing location of the ASTER imagery used for analysis. 
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4.3.3 Transient snowline  

Based on ground measurements Boresjö Bronge and Bronge (1999) determined that the 

best separation between blue ice and snow spectral response is in the near-IR, at 

approximately 0.841 µm. This supports other researchers who report that Landsat TM band 

4 is good for distinguishing grain sizes (Williams et al., 1991; Konig et al., 2001).  0.841 

µm corresponds to the ASTER band 3 which is 0.780 - 0.860 µm. Therefore, in this 

research, in order to allow future comparisons between remote sensing platforms, a band 

ratio image was created using the equivalent ASTER band 2/band 3 for both the 10
th

 

December 2004 and 3
rd

 February 2003 mosaics.  

 

The location of the transient snowline on each of the band ratio images was determined by 

examining values from the A-B transect that encompasses both accumulation and ablation 

areas (Figure 4.4). This southwest-northeast transect shows a distinct change between bare 

ice and fresh snow as a drop in values (Figure 4.5). The transect showed three distinct 

divisions. These divisions are inferred to be 1) bare ice, 2) a transitional area incorporating 

any percolation zone, wet-snow, and superimposed ice; and 3) dry snow. The threshold 

Figure 4.4 ASTER L1B data granule obtained on 10
th

 December 2004, showing 

region of distortion denoted by arrows.  

A 

B 
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value that separated 2) from 3) was then used as a means to depict an approximate transient 

snow line. This threshold had an ASTER band 2/band 3 ratio value of approximately 1.07. 

When the images were resampled using this threshold, relatively distinct boundaries could 

be seen (Figure 4.6). 

 

Unfortunately the band ratio imagery was found to be unsatisfactory at differentiating the 

debris-covered ice from the rest of the ablation area. It was therefore necessary to treat the 

identification of debris-covered ice extent separately (Section 4.3.4). 
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Figure 4.5 Transect A-B (Figure 4.4) of ASTER band 2/band 3 ratio image of the McMurdo Ice Shelf 

(southwest to northeast). Solid line is 3
rd

 February 2003, x’s are for 10
th

 December 2004. 
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Figure 4.6 ASTER band2/band 3 ratio image of the McMurdo Ice Shelf showing the 

approximate location of the transient snow line (dashed line) for a) 3
rd 

February 2003, and b) 

10
th

 December 2004.  
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4.3.4 Debris-covered ice extent 

In order to differentiate debris-covered ice from bare ice, Principal Components Analysis 

(PCA) was performed on ASTER surface reflectance AST07 VNIR bands. The mosaics 

from 3
rd

 February 2003 and 10
th

 December 2004 were used for this. The two most 

significant principal components, PC1 and PC2, were then used in a supervised 

classification in RSI ENVI 4.2. Supervised classification is used to cluster pixels in an 

image into classes corresponding to user-defined training sets. Training sets for the 

classification were areas of bare ice, debris-covered ice, and snow, which were geolocated 

using differential GPS during fieldwork in December 2004 (Figure 4.7). Spectral 

signatures of the training sites are presented as both ASTER VNIR bands and principal 

components 1 through 3 (Figure 4.8). It is clear that applying PCA emphasises the 

differences between the surface types, which augments the classification. 

  

Although supervised maximum likelihood classification has been used by many 

researchers for glacier surface type differentiation (Bishop et al., 1995; Sidjak and Wheate, 

1999; and Paul et al., 2004), the minimum distance method was used here. The minimum 

distance method was preferable for this work as computational requirements were reduced.  

Further, the maximum likelihood method is based on the assumption that the data is 

distributed normally. Here the distribution is unknown so it was best to apply a method that 

Figure 4.7 Training sites used for supervised classification of the McMurdo Ice Shelf. Sites 

were located during fieldwork in November 2004, and geolocated with differential GPS. 

Background image is VNIR ASTER image from 10
th

 December 2004. 
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doesn’t rely on normally distributed data. RSI ENVI 4.2’s clumping and sifting procedures 

(using default parameters) were then applied to the classified images to delineate 

contiguous groups of pixels.   

 

A change detection map was also produced using the 3
rd

 February 2003 and 10
th

 December 

2004 images to determine whether there were significant changes in extent of debris-

covered ice. This change detection image was interpreted with caution as overlying snow 

may cause misclassification.  

 

A relatively small change is apparent in the debris-covered ice extent between 3
rd

 February 

2003 and 10
th

 December 2004 (Figure 4.9) with 46% of the change a loss, and 54% a gain 

in debris. Thus, although supra-glacial debris movement is controlled by ice movement, for 

this study period it can be considered as relatively static and the debris-covered ice area 

defined in the classification image for 10
th

 December 2004 was assumed to represent the 

debris-covered ice area for the rest of this research.   

 

As the entire ice shelf was not covered by the ASTER swath (Figure 4.3), the debris-cover 

defined above needed to be extended to the ice shelf boundaries.  The remaining area was 

determined using the 20
th

 October 2001 L1B clear-sky image, using PCA and unsupervised 

Figure 4.8  Mean spectral signatures of clean ice, debris-covered ice and snow used as training sets for 

classification a) ASTER VNIR bands b) Principal Components based on the VNIR bands. 
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isodata classification on PC1. The two debris-cover images were then combined and the 

result is used to represent debris-covered ice for the rest of this research.  

 

The absolute accuracy of the debris-covered ice extent is also difficult to determine, as, in 

the type of image processing used here, misclassification can occur often as the result of 

mixed pixels (Cracknell, 1998).  Mixed pixels, also known as mixels, occur as a result of 

surface heterogeneity, specifically where the features on the ground are small relative to 

the pixel dimensions. The radiance measured at the instrument is a result of the 

combination of these surface types and produces erroneous values. Mixels commonly 

occur at the perimeter of a feature (Cracknell, 1998). There is scope for mixels to occur at 

the ice and debris margins, as a result of ponds within the debris-covered ice area, from 

snow on debris-covered ice, and from patches of debris on bare ice. This misclassification 

will be somewhat limited due to the fact that the pixel size of ASTER imagery is 15 m. 

The occurrence of Mixels should be further reduced by the use of three wavelength bands, 

and PCA.  

 

The debris-covered ice accounts for approximately 6% of the McMurdo Ice Shelf, and is 

concentrated around Brown Peninsula, extending to the edge of the ice shelf (Figure 4.10).  

 

Figure 4.9 Change in extent of area classified as debris-covered ice of the 

McMurdo Ice Shelf between 3
rd

 February  2003 and 10
th

 December 2004 
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4.3.5 Surface type distribution 

In order to produce a surface type distribution image to represent the beginning of the 

modelling period (Chapter five) it is preferable to have an image that was acquired as close 

as possible to the beginning of the summer. The most suitable image available was 

acquired on the 10
th

 December 2004 (Section 4.3.2).  

 

Three surface types are accounted for in the modelling: snow, bare ice, and debris-covered 

ice. The surface type distribution image for the whole ice shelf was firstly created using the 

surface transient snowline image for the 10
th

 December 2004 (Section 4.3.3). Pixels with 

values below the snowline threshold were defined as ice, and those above the threshold, 

defined as snow. This image was then overlain with the final debris-covered ice image 

(Section 4.3.4).  

 

Figure 4.10 Distribution of debris-covered ice on the McMurdo Ice Shelf as determined 

from ASTER image acquired on 10
th

 December 2004. 
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As the ASTER swath did not cover the whole ice shelf (Figure 4.3) the pixels to the west 

(not defined as debris-covered ice) were assumed to be bare ice, while the pixels to the 

north were defined as snow. The final surface type distribution image was exported to 

ASCII format to be used to initiate the model developed in chapter five. 

 

4.3.6 Distribution of albedo 

During November 2004, a Licor pyranometer (LI-200SZ) was used to perform manual 

measurements of albedo at several of the stake sites. The sensor spectral response is 0.4-

1.1 µm with an error of <5%. Observations were made at approximately 1 m above the 

surface. Between 5 and 20 measurements were taken at each site depending on conditions 

and logistical constraints. Furthermore, when the AWS was positioned at the bare ice 

(Section 2.5.1), albedo was measured with a Kipp & Zonen CNR1, which has a spectral 

sensitivity between 0.305-2.800 µm, and accuracy of 2%. 

 

An albedo distribution image of the McMurdo Ice Shelf was produced (using the ASTER 

AST07 obtained on the 10
th

 December 2004) using the following approach. Firstly, VNIR 

bands 1 through 3 were resampled to 30 m using nearest neighbour interpolation. Next, a 

narrowband to broadband conversion was applied, using the formula proposed by Liang 

(2001): 

0015.0367.0305.0551.0324.0335.0484.0 986531 −+++++= bandbandbandbandbandbandShort ααααααα  4.2 

Snow and ice reflect radiation anisotropically (Knap and Reijmer, 1998). However, as no 

specific bidirectional reflectance function (BRDF) algorithm for snow and ice and the 

ASTER platform was available, an assumption of isotropic reflectance is made here.  

 

The albedo image may also be subject to mixels or misclassification (Section 4.3.4). For 

example, fresh snowfall can cause albedo and other surface properties to be altered. 

However, new snow did not cause misclassification with the 10
th

 December 2004 imagery, 

as this date coincided with fieldwork, which confirmed that no significant snowfall had 

occurred in the region for at least several days. 

 

The A-B transect (Figure 4.3) across the albedo image for the 10
th

 December (Figure 4.11) 

shows a distinct increase at the same distance along the transect as in the band ratio image 

that was used to determine the transient snowline (Figure 4.12 cf. Figure 4.5). This 
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agreement gives some confidence in using the threshold detailed above to define the 

transient snowline (Section 4.3.3). However, without extensive fieldwork it is difficult to 

assess the absolute validity of using these divisions. 

 

Comparisons between ground based and remotely sensed albedo were made by resampling 

the albedo image to a resolution of 200 m using nearest neighbour interpolation (Figure 

4.11) and comparing the pixel value with the value obtained with the field-based 

measurements. This comparison is discussed in section 4.6. 

 

 

 

 

 

Figure 4.11 Distribution of shortwave albedo across McMurdo Ice Shelf, point values are from 

fieldwork conducted throughout November 2004, distributed values were determined using 

narrow to broadband conversion on ASTER image from 10
th

 December 2004.  
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Figure 4.12 ASTER derived albedo along transect A-B for (Figure 4.4) 10
th

 December 2004. Arrow 

shows the location of the boundary as detected using the band ratio image. The greyed area 

represents the area of distortion on the original ASTER data granule. 
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Figure 4.13 Digitised historical accumulation/ablation area boundaries based on stake 

measurements for 1959-1960 (Stuart and Bull, 1963), 1966-1967 (Paige, 1968) and the 

mean for 1970-1984 (McCrae, 1984). 

Accumulation 
area 

Ablation 
 area 

4.4 Surface mass balance trends 
The surface mass balance pattern reported in the literature, of increased ablation towards 

the west and accumulation to the east (see chapter one, and Figure 1.3), is also shown in 

historical stake measurements (Figure 4.13).  Stake data for the 2003-2004 and 2004-2005 

summer also show this trend (Figure 4.14).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A boundary separating accumulation and ablation for the two summers can be inferred 

(Figure 4.14). These boundaries are not representative of the actual accumulation/ablation 

boundary, as the stake data does not cover the entire summer period. However, as the two 

datasets are similar, and they cover the middle of the summer period, general comparisons 

may be made. The area of net ablation in the 2004-2005 summer is larger than that in 

2003-2004 summer. The approximate accumulation/ablation boundaries are separated by 

roughly 12 km and lie to either side of the historic annual surface accumulation/ablation 

boundaries (Figure 4.13). The large lateral shifts are most likely to be a manifestation of 

the low gradient of the ice shelf. 
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Figure 4.14 Mean daily mass balance stake data for the summer field campaigns a) 2003-2004, 

and b) 2004-2005. 
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4.5  Surface type distribution  
The distribution of surface types (Figure 4.15) that will be used as input for the model in 

chapter five is a combination of several images, as discussed in 4.3.5. Although the images 

are not from the beginning of either of the two summers that will be modelled in chapter 

five, the distribution is based on the most suitable image available (10
th

 December 2004) 

and thus was considered a reasonable approximation.  

 

Just over half (55 %) of the entire surface area of the McMurdo Ice shelf area was be 

defined as snow, 39 % as bare ice and 6% as debris-covered ice. In general, the western 

half of the ice shelf is ice, and the eastern half snow, with two anomalies. These anomalies 

were areas defined as ice in the eastern half of the ice shelf. One area was adjacent to 

Minna Bluff, and a small patch in the middle of the southern part of the ice shelf (Figure 

4.15). It is suggested that these areas may be similar to blue ice areas which are generally 

located in the lee of Nunataks, mountains or rock outcrops Bintanja (1999). 

Figure 4.15 Distributed surface type conditions used as initiating conditions for the model 

developed in chapter five.  
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4.6 Albedo distribution 
The final distribution of albedo used to represent the beginning of the summer is shown in 

figure 4.16. The debris-covered ice is apparent in the spatially distributed albedo image 

(Figure 4.16). The spatial heterogeneity of the bare ice albedo is also evident, with 

decreasing albedo towards the west and towards the Ross Sea (Figure 4.16). Large patches 

of low albedo ice are clearly visible both to the north and south of Black and White 

Islands. The relationship between the ground based and ASTER derived albedo was 

strong; though unfortunately the ground based measurements were concentrated in the 

higher range (Figure 4.17). The albedo derived from the ASTER image ranges from 0.20 

to 0.99, with the bare ice being 0.55-0.65, snow 0.90-0.99 and debris-covered ice 

approximately 0.23.   

 

 

The correlation between ground based and ASTER derived albedo (Figure 4.16) was 

unexpectedly high (correlation coefficient of 0.94) given that there were many sources of 

uncertainty introduced in both measurements. These include the differing azimuth and 

Figure 4.16 Distributed albedo used to initiate the model developed in chapter five.  
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zenith angles due to the timing, spectral sensitivities of equipment, narrowband to 

broadband conversion, and the assumption of isotropic reflection. Albedo at the AWS over 

bare ice was determined to be 0.56 at the time the ASTER imagery was obtained. The 

corresponding pixel (resampled to 200 m) was 0.55. The mean albedo for the debris-

covered site when it was snow free during the 2003-2004 instrumentation period was 0.12 

(Section 2.6) but the debris-covered ice values from the ASTER derived albedo image 

were approximately 0.23. Overall, the ASTER derived albedo tended to overestimate the 

values, possibly a result of pixel saturation or overlying snow. 

 

The area of low albedo between White and Black Islands is indicative of low snow 

accumulation, possibly where the channelling of wind between the Islands would 

discourage the deposition of snow. 

 

The general trend of decreasing albedo from east to west and towards the Ross Sea in the 

ASTER derived albedo imagery coincides with a similarly oriented surface mass balance 

pattern (Section 4.4). Although these albedo values must be used with caution due to the 

issues outlined above, the objective here was to be able to provide a more comprehensive 

distribution of albedo to the model rather than the singular value or gradient with altitude 

as is often used (Hock, 2005). Thus, the ASTER derived albedo is taken to be indicative of 

the initial surface albedo state and suitable for use as input into the model in chapter five. 

Figure 4.17 Albedo derived from ground based measurements compared with ASTER 

derived values. Note the albedos were measured during November 2004 while the 

satellite image was obtained on December 10
th

 2004.  
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4.7 Summary 
Trends in surface mass balance for the 2003-2004 and 2004-2005 summers were shown to 

be similar to those reported in previous studies in the area and showed a pattern of ablation 

in the west and accumulation to the east. The stakes also revealed that the approximate 

boundary between accumulation and ablation was displaced considerably between the 

summers.  

 

Approximate surface type distribution was determined using ASTER multi-spectral 

imagery. The extent of debris-covered ice was relatively unchanged between 3
rd

 February 

2003 and 10
th

 December 2004, occupying approximately 6% of the total ice shelf. 

Approximately 55% of the ice shelf was defined as snow and 39% as bare ice.  

 

Albedo varied considerably across the ice shelf, displaying an overall increasing trend 

from west to east, interrupted by large patches of low albedo. Products of this chapter will 

be used for initiation and validation of the distributed model developed and applied in 

chapter five. 
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      Synthesis: distributed summer surface 
mass balance 

 

 

5.1 Introduction 
Chapters two and three investigated the climate and surface energy balance at two sites on 

the McMurdo Ice shelf. While these chapters enabled a detailed examination of the surface 

energy and surface mass balance, such work is only relevant for a point and is limited to 

periods when an AWS with appropriate components is available. Now that regional 

climate models and thus distributed datasets are becoming increasingly reliable and 

accessible it makes sense to develop a distributed SEB surface mass balance model that 

can be forced with such datasets.  

 

This chapter synthesises the findings of the previous three chapters by using them to help 

develop a spatial model to examine patterns of ice shelf surface mass balance. Specific 

objectives of this chapter are: 

• Develop a realistic distributed model to determine the spatial pattern of summertime 

surface mass balance of an ice shelf. 

• Examine spatial patterns of the summertime surface mass balance of the McMurdo Ice 

Shelf and their relationship to atmospheric processes. 

A distributed model is developed based on the SOMARS model used in chapter three, and 

is forced using distributed climate variables from a regional climate model. The distributed 

model also uses surface type and albedo information (from chapter four) for initial 

boundary conditions.  

 

This chapter describes the process that was undertaken to develop and validate the 

distributed model. The patterns of summertime surface mass balance are then presented 

and discussed for the two summers of interest. The chapter concludes with a summary. 

  

5 
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5.2 Developing and validating a distributed model  
Developing the distributed model involved several steps. It was first necessary to ensure 

that the climate model data was suitable to use to force the energy balance model. To do 

this validation, the point based SOMARS, presented in chapter three, was forced using 

regional climate model data that covered the bare ice site. The results of this model run 

were validated by comparing it against components measured by the AWS situated at the 

bare ice site. A distributed version of SOMARS was then developed to use spatially 

distributed climate variables as input, as well as to incorporate spatial variations of both 

albedo and topographical parameters. Additionally, the performance of the distributed 

model was evaluated against direct ablation stake measurements presented in chapter four. 

The following sections describe these steps in order. 

5.2.1 Forcing SOMARS with regional climate model data 

The Antarctic MM5 Meso-scale Prediction System (AMPS) was established in October 

2000 as a result of the dependence on weather for support of the New Zealand and United 

States Antarctic field operations (Monaghan et al., 2005). This system is a physically based 

numerical weather prediction model, adapted for polar regions that uses the Polar MM5 

(Fifth-generation Mesoscale Model) model with a 3.3 km resolution domain (Figure 5.1). 

AMPS at 3.3 km is only available for the McMurdo region and was developed to provide a 

functional forecast for the McMurdo aircraft operations. This prediction system is 

Figure 5.1  The Antarctic MM5 Meso-scale Prediction System (AMPS) domains. Focused on the whole of 

Antarctica (Grid 2) and the McMurdo Region (Grid 5). 
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considered adequate to assess the climatology of the McMurdo Region at a high resolution 

(Monaghan et al., 2005). Output from AMPS is available for 6 hour intervals and includes 

the necessary variables required to force the SOMARS model. 

 

The format of AMPS output is arranged by data type, time, and then grid location. A 

program was developed (AMPS2FORCE) to extract the relevant AMPS data and create 

forcing files for each 3.3 km grid point (Figure 5.2). This component was kept separate 

from the distributed SOMARS so that it can be adjusted to use with different climate 

model data. Within this program, the variables were also converted to the appropriate units. 

To run the point based SOMARS, only the forcing file that covered the bare ice site was 

used as input.  

 

 

The forcing file contained AMPS values of temperature, relative humidity, wind speed, 

precipitation, global radiation, incoming long-wave radiation, cloud cover and 

precipitation. Although MM5 provides reflected radiation and emitted long-wave radiation, 

these were not used here, as it was more desirable to have SOMARS internally calculate 

the albedo and surface temperatures.  

 

Figure 5.2 Processes and datasets involved in the procedure to check that the AMPS data 

was suitable for running the SOMARS model. 
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When not supplied to SOMARS, reflected solar radiation (K↑) is calculated as a function 

of albedo (α). 

K↑=K↓α  5.1 

Albedo of snow is decreased exponentially from high to low prescribed values according 

to a time-scaled decay function and surface wetness (Greuell and Genthon, 2003). 

Conversely, it is increased as a function of the depth of fresh snow. The albedo of ice is an 

assumed constant, unless the model has calculated that there is a layer of water on the 

surface, in which case albedo is decreased according to depth of the water layer (Greuell 

and Konzelmann, 1994).  

 

Using the mean albedo from measured data at the bare ice site (Section 2.7) the initial 

albedo of bare ice was set to 0.57. Snow albedo is defined as 0.80, and old snow 0.60, 

while the decay time scale is taken to be the same as Zuo and Oerlemans (1996) at 20 days 

(Table 5.1). 

 

When outgoing long-wave radiation (L↑) is not prescribed in the forcing files, it is 

approximated as a function of the surface temperature according to the Stefan-Boltzmann 

Law (Eq. 1.2) and an assumed emissivity of 1.0. Surface temperature (T0) is calculated as a 

function of the sub-surface component of the model (Section 3.2.2). 

 

Table 5.1 Specific input parameters for the McMurdo Ice shelf used in running SOMARS forced with AMPS 

data. 

Parameter  Value 
Albedo of fresh snow α 0.80 

Albedo of old snow  0.60 

Albedo of ice  0.57 

Albedo of superimposed ice 0.50 

Time decay for snow albedo 20 days 

Height of wind measurement 10 m 

Height of temperature measurements 2 m 

 

5.2.2 Validation of point based run forced with AMPS data 

The model was run for the period Day 341, 2004 – Day 22, 2005, with a time step of 30 

minutes to allow comparison with directly measured variables from the AWS. Here, daily 
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modelled surface temperature, surface mass balance, and radiative fluxes were compared 

with those recorded at the AWS.  

 

Modelled surface temperature had a reasonable agreement with that measured at the bare 

ice site (Figure 5.3) with a correlation coefficient of 0.62 and an index of agreement of 

0.70. Overall, there is a slight underestimation of the surface temperature (Figures 5.3, 5.4) 

with a mean difference of 1.0ºC.  

Figure 5.4 Surface temperature and surface mass balance results from the SOMARS model run 

using AMPS data for a point (Day 341, 2004 – Day 22, 2005).  

Figure 5.3 Time series of modelled results with variables directly measured at the bare ice site (Day 

341, 2004 – Day 22, 2005). Measured variables are shown by a solid line, modelled with x’s. The 

precipitation record is directly from the AMPS data while the surface temperature and height 

change are calculated within SOMARS.  
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Net surface height change was predicted well (Table 5.2). Measured ablation at stakes in 

the same area of the ice shelf as the AWS were also comparable to that predicted by the 

model (Table 5.2). While the model does not capture the rapid lowering in the first ten 

days of 2005, the overall surface mass balance trend is evident (Figure 5.3b). This result 

appears to have overcome some of the issues discussed in chapter three (Section 3.4.1) 

with regards to precipitation derived from McMurdo Station, giving a smoother surface 

mass balance change, more in line with that recorded at the AWS (cf. Figure 5.3, 3.5).  

However the surface is still higher at the end of the period than that measured by the sonic 

ranger (Figure 5.3).  

 

Table 5.2 Modelled and measured total height change of bare ice on the McMurdo Ice Shelf ablation area, 

from Day 341, 2004 to Day 22, 2005. 

 

Source Height change (m) 

Modelled - 0.057 

  

Mean stake -0.053 

Stake 90 - 0.020 

Stake 91 - 0.041 

Stake 92 - 0.100  

  

Sonic ranger (mode) - 0.081 

 

The model was found to reproduce the radiative fluxes very well (Table 5.3). As modeled 

incoming radiative fluxes were derived from AMPS data, the low modeled incoming short-

wave radiation value (Table 5.3) is most likely due to a discrepancy in the AMPS data, 

especially given that the long-wave radiation was closer to the measured value. Albedo 

was reasonably well modeled (Figure 5.5), although there is a slight overestimate overall 

(Table 5.3). Given that the combined uncertainties are accumulated in the net radiation, the 

modeled net radiation is acceptable, with correlation coefficient of 0.68 (Table 5.3).  

Figure 5.5 Time series of modelled albedo compared with that measured at the bare ice site (Day 

341, 2004 – Day 22, 2005). Measured variables are shown by a solid line, modelled with x’s. 
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Overall, the ability of model to calculate the daily surface temperatures, the radiation 

budget, and surface mass balance for a single point using climate variables derived from 

the AMPS database is shown to be realistic (Table 5.3). Therefore, it was decided to 

further develop the model to create spatially distributed surface mass balance. 

Table 5.3 Comparison of point based SOMARS modelled results (driven using AMPS) with variables directly 

measured at the bare ice site. Variables are daily means for the period the model was run (Day 341, 2004 – 

Day 22, 2005). Standard deviation is shown in brackets. 

 

 Mean 

Surface 

Temperature 

(ºC) 

Mean 

Incoming 

short-wave 

radiation 

(W m
-2

) 

Mean 

Albedo 

Mean 

Incoming 

long-wave 

radiation 

(W m
-2

) 

Mean 

Outgoing 

long-wave 

radiation 

(W m
-2

) 

Mean 

Net 

Radiation 

(W m
-2

) 

Total 

Height change 

(m) 

Observed  -3.23(1.79) 295.7(91.4) 0.62(0.05) 245.3(29.9) 304.1(6.2) 53.9(21.7) -0.08(0.03) 

Modelled  -4.27(1.42) 250.8(74.0) 0.66(0.07) 248.1(24.7) 305.3(5.8) 34.2(18.2) -0.06(0.02) 

Correlation 

coefficient 
0.65 0.80 0.74 0.82 0.87 0.68 0.83 

Root mean 

squared error 
1.69 70.7 0.06 17.3 3.3 25.5 0.02 

Index of 

Agreement 
0.7 0.82 0.74 0.89 0.92 0.68 0.86 

 

5.2.3 Distributed model 

Developing the distributed model involved changes in inputs and processing of SOMARS, 

as well as the treatment of the outputs (Figure 5.6). The Fortran programming language 

was used in all but the presentation of the final surface mass balance maps, for which a 

GIS was used.  

 

For the distributed model, AMPS data covering the whole ice shelf were used as input. 

Forcing files were created as above with AMPS2FORCE (Section 5.2.1). Because of the 

relatively low spatial resolution used in AMPS (3.3 x 3.3 km) compared with the resolution 

used internally to the model, it appears as if there are abrupt changes in data (Figure 5.7). 

Because of these resolution differences, atmospheric forcings are determined by using the 

closest geographic coordinates of each AMPS grid point being processed. In order to 

ensure that original data were used throughout the process, the AMPS data was not 

resampled or smoothed prior to being used in the distributed model. It is therefore expected 

that the abrupt changes will also be apparent in the results. The “diamond” shapes of the 
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Figure 5.7 Example of AMPS data showing resolution of model. Shown here is 

the 500hPa level temperature. 

Figure 5.6 Procedure showing inputs and outputs for the final distributed model used to 

assess summertime surface mass balance of the McMurdo Ice Shelf. 

individual grids are due to different map projections used by AMPS and that used for this 

research in the GIS.  

 

 

To account for spatial variability the model was also modified to allow the input of the 

initial surface type, albedo, aspect and slope for each point on the ice shelf surface. The 

initial surface type and albedo were assigned to each grid point based on results from 

chapter four (Figure 4.16).  

 

Elevation, slope and aspect were calculated for each grid point, using the 200 x 200 m 

Antarctic Digital Elevation Model (DEM) from RADARSAT Antarctic Mapping Project 

(Alaska Satellite Facility, 2003). An assumption of no shading was made for the entire ice 

shelf. Given its topography, the McMurdo Ice Shelf represents a situation where this 

assumption is reasonable for the majority of the shelf. Other parameters were held the 

same for the initial run (Section 5.2.1) and shown in Table 5.1 and 3.3. 
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The model was adapted to allow for multiple grid points, and the model was run for every 

single grid point. Each grid point is initialized with albedo, surface type and temperature, 

after that these variables are internally generated. If a grid point is characterised as debris-

covered ice, the grid point is not processed as ablation is considered negligible (Section 

3.7.3). 

 

Outputs for the distributed model were similar to the original SOMARS, but include 

variables for each 200 x 200 m grid point. Model output was imported into ESRI® 

ArcMap™ 9.0 GIS to construct raster images of total surface mass balance and of the 

surface mass balance components.  

 

5.2.4 Distributed model: validation 

The distributed SOMARS model was further validated using ablation stake measurements 

taken at various times throughout the summers of 2003-2004 and 2004-2005. As these 

stake measurements were made on different dates, the model was run several times, once 

for each group of stakes. This processing was undertaken a total of thirteen times, covering 

both the 2003-2004 and 2004-2005 field periods (Table 5.4).  

 

For each model run, the relevant grid point value was extracted from the GIS and then 

compared with the measured stake value. It is important to note that for all these runs the 

initial boundary conditions were set to the same which will introduce some error into the 

final results. Trial runs with excessive initial surface temperatures showed that realistic 

values of surface temperature were obtained after seven days. Thus, it is defined that the 

model has a spin up period of approximately ten days. As all the runs in Table 5.4 are 

longer than the spin up period, any errors resulting from initial boundary conditions will be 

reduced. The following validation does not include the areas within the debris (stakes 52, 

55,57) as these stakes were on small patches of bare ice surrounded by thick debris and 

would be excessively influenced by the debris.  
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Table 5.4 Distributed model runs used to enable a comparison with ablation stake measurements.  

Run 

no. Summer Group name 

Stakes 

covered Dates 

1 2003-2004 North Koettlitz 70-74 Day 331, 2003 – Day 10, 2004 

2  South Pole Road 31-35 Day 320, 2003 – Day 3, 2004 

3  South Koettlitz 80-84 Day 334, 2003 – Day 9, 2004 

4  Windless Bight 1-15 Day 317, 2003 – Day 5, 2004 

5  North Bratina 60-64 Day 328, 2003 – Day 13, 2004 

6  White Straight 20-25,28,29 Day 329, 2003 – Day 2, 2004 

7 2004-2005 East Bratina 90-92 Day 341, 2004 – Day 22 2005. 

8  North Koettlitz 70-75 Day 322, 2004 – Day 27, 2005 

9  South Pole Road 31-35 Day 328, 2004 – Day 31, 2005 

10  South Koettlitz 76,80-86 Day 325, 2004 – Day 26, 2005 

11  Windless Bight 1-6,10-15 Day 327, 2004 – Day 30, 2005 

12  North Bratina 61-63 Day 320, 2004 – Day 25, 2005 

13  White Straight 23,24,28-30 Day 333, 2004 – Day 28, 2005 

 

The modeled surface mass balance has a positive correlation with the stake measurements 

during both summers (Figure 5.8, 5.9), with the results from the 2004-2005 period the most 

encouraging.  

 

During the 2003-2004 field campaign, modelled surface mass balance using distributed 

climate variables shows good agreement with that measured at the stakes (Figure 5.8). In 

this summer, the correlation coefficient is 0.78, the index of agreement is 0.76, and RMSE 

is 56 mm w.e. There is a slight overestimate of the ablation and a distinct underestimate of 
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Figure 5.8 Comparison between stake measurements of surface mass balance, and the distributed 

model output for the 2003-2004 field campaign. 
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total accumulation (Figure 5.8). Underestimation of the accumulation may be due to snow 

redistribution. The comparison is considered reasonable given that, as above, the initial 

boundary conditions are only truly valid for Day 345, 2004.  

 

For the 2004-2005 field measurement period agreement is not as good with a correlation 

coefficient is 0.65 (Figure 5.9a). However, examining the results, there is an anomaly, at 

stake 21, where a large amount of accumulation was recorded at the stake (449 mm w.e.) 

while the model reported a considerably lower value (3 mm w.e.). This particular stake 

measurement is also anomalous when compared with the other stakes in the area 

(maximum of 116 mm w.e., with a mean gain of 44 mm w.e.). Such an anomaly could be 

caused by many factors including, localized wind loading, recording error, or snow 

redistribution. Thus, it is considered reasonable to remove this outlier and reassess the 

model performance without the data for stake 21. With stake 21 removed from the dataset, 

the performance of the distributed model during the 2004-2005 field campaign improves 

considerably, with a correlation coefficient of 0.89, an index of agreement of 0.91 and a 

reduced RMSE (33 mm w.e.). These results are considered very good given that the initial 

boundary conditions only really hold true for day 345, 2004. Sites of accumulation during 

the 2004-2005 summer were better modeled than those for the 2003-2004 summer (Figure 

5.8, 5.9b). Possible explanations for the differences between the two seasons include: 

initial conditions; different synoptic conditions; snow redistribution conditions; the AMPS 

dataset; and precipitation variability (much higher in 2003-2004). 
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Figure 5.9 Comparison between stake measurements of surface mass balance, and the distributed model 

output for the 2004-2005 field campaign. a) all data, b) mass balance data with the outlier remove – see 

text for explanation. 

a) b) 
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While a there is room for improvement in these results, they are encouraging given that a 

large amount of discrepancy can be attributed to initial boundary conditions. The following 

may improve the results:  

• Use of alternative satellite imagery to determine initial surface conditions.  

• More detailed initial field survey including ice shelf temperature.  

• Development and inclusion of a snow redistribution model.  

Despite these factors, it is considered that the distributed model produced realistic results 

and can be used to assess overall patterns of surface mass balance. 
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5.3 Patterns of summertime surface mass balance 
In order to assess the surface mass balance pattern, the distributed model was run for the 

four month period November – February for both 2003-2004 and 2004-2005. Initial 

boundary conditions were those used above (Section 5.2.3). It is considered that a spin up 

period of 10 days allows the 120 day run to produce realistic results. The following 

sections present and describe the surface mass balance and surface mass balance 

components, then discusses their significance. 

5.3.1 Surface mass balance pattern 

For both 2003-2004 and 2004-2005 summers (Figure 5.10), the overall pattern of surface 

mass balance predicted by the model is consistent with the well known surface mass 

balance pattern of the McMurdo Ice Shelf. The pattern is ablation in the west and 

accumulation in the east (Section 1.5.2, 4.4). Additionally the southern area of the 

McMurdo Ice Shelf is shown to be part of the ablation area (Figure 5.10). 

 

Ablation is spatially irregular for both summers, with a number of areas clearly subject to 

higher ablation than others. Largest net ablation values occurred towards the southwestern 

boundary of the ice shelf. This ablation is made up of two parts, an area immediately to the 

north of Minna Bluff (Figure 5.10) and an area further to the west, where the ice shelf is 

fed by the Koettlitz Glacier (Figure 5.10). In the immediate vicinity of Brown Peninsula, 

there is also an area of slightly enhanced ablation (Figure 5.10). This area of increased 

ablation extends beyond Brown Peninsula and the debris-covered ice and north towards the 

ice edge in the Ross Sea.  

 

A small anomalous area of ablation is identified in the northeastern part of the ice shelf 

(Figure 5.10). This is a relatively narrow area where the ice shelf is bounded by Ross Ice 

Shelf to the east and Ross Island to the north. This is in the area usually defined as 

accumulating.  
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Figure 5.10 Modelled distribution of total net surface mass balance of McMurdo Ice Shelf for summers of a) 

2003-2004 and b) 2004-2005 where summer is defined as November – February inclusive.  
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Although the overall pattern of summertime surface mass balance was similar for both the 

summer periods investigated, some differences are apparent. The most intense area of 

ablation for both summers is along the southwestern boundary of the ice shelf. For the 

2004-2005 summer, the quantity of ablation is much greater (Figure 5.10b). The greatest 

surface mass balance loss in 2003-2004 is just to the north of Minna Bluff, whereas in 

2004-2005 it is further west, at the terminus of the Koettlitz Glacier (Figure 5.10). While 

both summers have a small amount of ablation modelled in the northeastern tip of the ice 

shelf, this is more extensive for the 2003-2004 summer (Figure 5.10a). 

 

The area of near-equilibrium surface mass balance was much larger for the 2003-2004 

summer, (Figure 5.10a). This illustrates a gradual transition from positive to negative 

surface mass balance across the ice shelf. Within the accumulation area for 2004-2005 

there is an area of enhanced accumulation to the north in the Windless Bight region, 

including up to 50 mm w.e (Figure 5.10b). The area of enhanced accumulation is smaller 

for the 2003-2004 summer (Figure 5.10a). 

  

The surface mass balance images show distinct patterns of east-west linear features, 

especially for 2004-2005 (Figure 5.10). This lineation is an artifact of using the 

RADARSAT digital elevation model to derive slope and aspect within the GIS. It is 

considered that the true surface mass balance would be more even. 

 

Overall, mean values for the entire ice shelf show an increase in surface mass loss in 2004-

2005 (Table 5.5). Importantly, the distributed model was able to illustrate that the amount 

of change in surface mass balance across the ice shelf was increased during the 2004-2005 

summer compared with 2003-2004 (Figure 5.10).  

Table 5.5 Mean surface mass balance and components of McMurdo Ice Shelf. Standard deviation shown in 

brackets. 

Summer period  Surface mass 

balance 

Precipitation Sublimation Melt 

2003-2004 -2.5(15.6) 6.9(5.4) -8.8(12.3) -0.7(2.8) 

2004-2005 -6.7(39.7) 31.4(33.3) -34.6(37.2) -3.4(14.1) 
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5.3.2 Surface mass balance components 

For the 2003-2004 summer, precipitation was widespread across the ice shelf (Figure 

5.11a) with a mean of 6.9 mm w.e. (Table 5.5). There was, however, an increased amount 

in the Windless Bight area (Figure 5.11a), which reached a maximum of 26.8 mm w.e. 

Sublimation also occurred extensively, with an area of negligible sublimation occurring in 

the Windless Bight area (Figure 5.11b). A small area at the northwest tip shows enhanced 

sublimation also. Maximum losses due to sublimation occurred in the southern section of 

the ice shelf (Figure 5.11b). 

 

Over the whole 2003-2004 summer, melting is shown to occur primarily in the western 

area of the ice shelf (Figure 5.11c), with maximum loss of 10.4 mm w.e.. There is also a 

patch of enhanced melt reported to occur between Black and White Islands (Figure 5.11c). 

Figure 5.11 Modelled distribution of McMurdo Ice Shelf surface mass balance components for the 

summer of 2003-2004 (considered here as November – February inclusive).  
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Surface mass balance components of the summer of 2004-2005 display a distinctively 

different picture to that of 2003-2004. Precipitation, sublimation and melting are all greater 

during the second summer (Figure 5.12). Over the summer there is mean precipitation of 

31 mm w.e. with a maximum of 190 mm w.e.. While precipitation is widespread there are 

higher values reported in the Windless Bight area, the middle of the ice shelf, and to the 

northwest edge of the ice shelf (Figure 5.12a). 

 

Sublimation during 2004-2005 (Figure 5.12b) is of greater magnitude than for 2003-2004 

(Figure 5.11b), but it has a similar pattern. Large losses were recorded for the southern part 

Figure 5.12 Modelled distribution of McMurdo Ice Shelf surface mass balance components for the summer of 

2004-2005 (considered here as November – February inclusive.  
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of the ice shelf on both sides of Brown Peninsula. The same regions were subject to melt 

during both summers, however melting was greater during 2004-2005 (Figure 5.12c), with 

a maximum value of –220 mm w.e. High values of melting only occurred over small areas. 

Most of the melting occurred in the vicinity of Brown Peninsula (Figure 5.12c). 

 

5.3.3 Interpretation of surface mass balance patterns 

It was reported in chapter two that the 2004-2005 summer was warmer, windier and had 

higher precipitation than during the 2003-2004 summer (Section 2.3). The surface mass 

balance pattern for the two summers reflects these statistics, with precipitation sublimation 

and melt all high in 2004-2005. Larger amounts of sublimation can be accounted for by the 

higher mean winds (Table 2.1) while the increased and more widespread melting may be 

influenced by the warmer temperatures (Table 2.1).  

 

During the summer of 2004-2005 there were reported to be more Type A conditions 

(Section 2.4, Table 2.4). Type A conditions result in both higher precipitation and 

sublimation rates (Section 3.6.4). As expected, the modeled distributed surface mass 

balance also exhibited these enhanced conditions in 2004-2005. While type C conditions 

nearly doubled during the 2004-2005 summer (Table 2.4), the impact of these conditions is 

less pronounced as the precipitation and sublimation conditions are similar to type B 

(Figure 3.20). Thus, the overall pattern can be attributed to the larger proportion of Type A 

conditions during 2004-2005. 

 

Conversely, although it was shown that Type B conditions were likely to cause increased 

melting (Section 3.6.4), the summer of 2003-2004, which had more Type B conditions  

(Section 2.4, Table 2.4), did not have more melting compared with 2004-2005 (Figure 

5.11c). This discrepancy may be due to initial boundary conditions, or be influenced more 

strongly by air temperature than is indicated in chapter three (Section 3.6.4). 

 

The overall pattern of surface mass balance of the McMurdo Ice Shelf is clearly not 

controlled by elevation, with almost all ablation and accumulation occurring over a vertical 

range of 30m. However, it is suggested that the surrounding topography has a strong 

control through its influence on local climate. For example, the area of low albedo between 
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White and Black Islands (Figure 4.16) is indicative of low snow accumulation and/or high 

sublimation, possibly where the channelling of wind between the Islands would discourage 

the deposition of snow and enhance turbulence. In contrast, Windless Bight is an area of 

positive surface mass balance for both the summers. Low wind speeds in the area 

(O’Connor and Bromwich, 1988) result in less turbulence and thus less sublimation 

compared to other areas of the ice shelf (Figure 5.11, 5.12). Additionally, more net 

accumulation is likely in low wind speed areas like Windless Bight, as the snow at the 

surface is more likely to be deposited by wind redistribution processes than removed.   

 

Surface conditions are also shown to play an important role. For example, in the area 

surrounding Brown Peninsula there is a lowered albedo due to dust particles and small 

patches of debris. This lowered albedo results in higher net radiation compared with areas 

of higher albedo. The larger amount of net radiation results in more energy available for 

ablation.  

 

The area of enhanced melt and sublimation between Black and White Islands is also an 

area of lower albedo than its surroundings (Figure 4.16). Consequently this area is also 

subject to increased ablation during times when net radiation is dominant. However, the 

cause of lowered albedo was not determined. This area (along with the area north of Minna 

Bluff and the section of the ice shelf immediately to the north of Black Island) has parallels 

with Blue Ice Areas (BIA) as described by Bintanja (1999). BIAs are generally located in 

the lee of nunataks, mountains or rock outcrops. These topographic features induce greater 

turbulence and local warming, and thus enhanced sublimation. According to Bintanja 

(1999), these areas are primarily subject to sublimation, and not to melt. However Liston et 

al. (1999) have suggested that BIAs are areas of subsurface melt, but not necessarily 

runoff. It is suggested that this area is likely to be subject to sub-surface melt.  

 

Other areas of enhanced sublimation and melt on the ice shelf, such as near the Koettlitz 

Glacier in the southwest, and the area in the northeast corner of the ice shelf do not have 

substantially different albedo compared with the rest of the ablation area (Figure 4.16). 

Enhanced ablation in these areas may be the result of localised climatic controls or an 

artifact of the boundary conditions or AMPS dataset. The area of enhanced ablation in the 
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northeastern tip of the iceshelf could be caused by accelerated wind flow near Cape 

Crozier (near the east end of Ross Island).   

 

Overall, it is shown that the surface mass balance of the McMurdo Ice Shelf has a distinct 

pattern that changes to some extent inter-annually. The pattern is formed by a unique 

combination of synoptic conditions, topography and surface characteristics.  
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5.4 Summary 
It has been shown that a point based surface mass balance model using regional climate 

model data as input can produce a realistic summertime surface mass balance. When the 

model was extended to a distributed version, covering an entire ice shelf, the model 

continued to produce realistic results. The major limiting factors are the initial inputs to the 

model. Such factors could be improved with increased fieldwork, or better remote sensing 

coverage at the beginning of the model runs. 

 

Using the distributed model, it was possible to examine the patterns of surface mass 

balance for the summers of 2003-2004 and 2004-2005 for the McMurdo Ice Shelf. The 

pattern of surface mass balance of the McMurdo Ice Shelf is controlled by a combination 

of surface characteristics, topography, and synoptic conditions. During both summers, the 

surface mass balance followed the basic trend seen in ablation stake studies, that trend 

being accumulation in the east, and ablation in the west. This research has also revealed 

additional detail about the spatial variability of surface mass balance that cannot be 

obtained with stake-based studies.  

 

The east-west pattern of surface mass balance on the McMurdo Ice Shelf is formed by a 

unique combination of topography and surface characteristics with wind and synoptic 

systems likely to be an influence. Within the ablation area several zones subject to 

enhanced ablation were identified. These were around Brown Peninsula, a section between 

Black and White Islands, an area in the north-eastern tip, and two areas on the 

southwestern boundary of the ice shelf. Some of these can be explained by a lowered 

albedo, while others are likely due to localised climatic controls.  

 

The extent of the modelled ablation area was slightly larger for the 2003-2004 summer 

than for 2004-2005. However, the intensity of ablation and accumulation was greater in 

2004-2005. This disparity resulted in a greater amount of change in surface mass balance 

across the ice shelf during the 2004-2005 summer compared with 2003-2004. This 

difference in surface mass balance change is attributed to the relative frequency of Type A 

synoptic systems during the summer of 2004-2005. 
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Conclusions 
 

 

6.1 Introduction 

To improve current understanding of ice-atmosphere linkages, the overall aim of this 

research was to demonstrate the relationship between variations in summertime surface 

mass balance of the McMurdo Ice Shelf and atmospheric processes. The specific 

objectives of this research were to: 

•  Characterize the McMurdo Ice Shelf climate for the summers of 2003-2004 and 2004-

2005.  

• Identify distinct synoptic situations that occur during the summer. 

• Determine surface energy and surface mass balance of two key surfaces of the 

McMurdo Ice Shelf and link these with the distinct synoptic types. 

• Detect surface characteristics used for distributed surface mass balance modelling. 

• Determine the pattern of summertime surface energy and surface mass balance over the 

entire McMurdo Ice Shelf and associate this with climate characteristics. 

These objectives have been achieved throughout the thesis. This chapter outlines the main 

findings in the context of these objectives, and then discusses their implications with 

regards to the key themes identified in chapter one. Future research directions are then 

recommended and the chapter finishes with a concluding statement.  

6 
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6.2 Summary of main findings 

The findings of this research are now outlined with respect to the specific objectives above, 

with an additional section describing methodological findings. The two key surfaces 

investigated were bare ice and debris-covered ice. 

 

Summer characteristics 

• The summers investigated for this research had similar meteorological conditions to the 

long term mean.  

• The 2003-2004 summer was slightly cooler than the long term mean and had higher 

than normal pressure.  

• The summer of 2004-2005 was warmer than usual.  

 

Distinct summer synoptic situations 

• Three distinct synoptic types were found to occur during summer, these were:   

a. Type A: Low pressure system residing in the Ross Sea Embayment. 

b. Type B: Anticyclonic conditions across region. 

c. Type C: A trough of low pressure extending into the Ross Sea Embayment. 

• During the 2003-2004 summer, Type B conditions were common. 

• Type A conditions were most frequent in the summer of 2004-2005 causing high wind 

speeds and precipitation.  

• During 2004-2005 Type C conditions also occurred more frequently than in 2003-2004 

which resulted in increased cloudiness and wind speeds.  

 

Surface energy and surface mass balance of two key surfaces 

• The microclimate of the McMurdo Ice Shelf is strongly affected by the surface type in 

summer.  

• Bare ice site characteristics: 

a. The main source of energy was net radiation, but sensible heat becomes 

important at times. 

b. Ablation was by both melting (70%) and sublimation (30%).  

c. Sublimation occurred continuously throughout the period.  

d. Type A conditions resulted in an overall net gain at the surface. 

e. Type B conditions had a high melt rate and most mass lost.  
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f. Type C conditions were intermediate between A and B with an overall net 

mass loss. 

• Debris-covered ice site characteristics:  

a. Net radiation was the dominant energy source, 

b. The snow that was on the debris-covered ice at the beginning of the 

measurement period was all ablated by melt (~78%) and sublimation 

(~22%),  

c. It is inferred that the debris at this site is sufficiently thick to protect the ice 

underlying the debris from significant ablation, 

d. During Type A conditions at the debris-covered ice site temperature is 

reduced, 

e. Surface energy and surface mass balance was not significantly affected by 

synoptic type. 

 

Distributed surface characteristics 

• A trend of ablation in the west and accumulation in the east was evident for both the 

2003-2004 and 2004-2005 summers.  

• A surface type distribution was determined and had the following characteristics: 

• Debris-covered ice 6%  

• Snow 55%  

• Bare ice 39%  

• Albedo varied from 0.20 to 0.99 across the ice shelf surface. 

 

Summertime surface mass balance patterns and climate characteristics 

• During both summers, the surface mass balance pattern followed the basic trend seen in 

ablation stake studies. 

• Several zones subject to enhanced ablation were identified. Some of these can be 

explained by a lowered albedo, while others are likely due to localised climatic 

controls. 

• The extent of the modelled ablation area was slightly larger for the 2003-2004 summer 

than for 2004-2005.  

• Amount of change in surface mass balance across the ice shelf was larger during the 

2004-2005 summer compared with 2003-2004 this attributed to  more type A 

conditions in that summer. 
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• Although more type B conditions occurred in 2003-2004 melting was not shown to be 

more dominant during this summer. 

 

Methodological findings 

• The debris-covered ice subsurface component developed here was very good at 

modeling surface and subsurface debris temperatures but needs further validation, 

particularly against ablation, before it can be used with confidence.  

• The distributed energy balance model was adept at predicting the broad scale patterns 

of surface mass balance. 

• Narrow to broadband conversion of ASTER data to determine albedo was found to 

perform well in a polar environment with a slight overestimation. 
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6.3 Implications 

The following sections discuss the implications of this research with respect to the three 

key research themes introduced in chapter one. 

6.3.1 Surface energy and surface mass balance 

By providing detailed surface energy and surface mass balance of a bare ice and debris-

covered ice surface this work has added to the limited number of surfaces investigated in 

polar environments. While the energy balance of the bare ice site has been shown to be 

similar to that of the blue ice areas, contrary to these, it has been shown that melting occurs 

in this environment, and that these areas should be treated differently in future modeling. 

 

The importance of using a distributed surface mass balance model rather than traditional 

stake or single point studies has been highlighted. By using the distributed model the 

surface mass balance allows one to see where the ablation is occurring and by what form. 

The modelling process has helped identify anomalous areas of low albedo and high 

ablation that warrant further investigation.  

 

For the 48 day period of measurements during the 2004-2005 summer, the bare ice site had 

a total ablation of -98 mm w.e., but using the distributed model has shown that this is not 

necessarily representative of the entire ice shelf ablation area. At other points across the 

ablation area, the relative importance of melting is reduced. The mean summertime 

ablation (melt and sublimation combined) across the entire ice shelf for the 2003-2004 and 

2004-2005 summers were –9.5 mm w.e. and –38.0 mm w.e. respectively. This ablation 

almost balances the mean summertime precipitation giving a mean summertime surface 

mass balance across the entire ice shelf for the 2003-2004 and 2004-2005 summers of –2.5 mm 

w.e. and –6.7 mm w.e.  respectively. These results suggest that summertime mass balance 

processes are not necessarily an important process in the overall mass balance of the ice 

shelf. Given that the area has an approximate mean annual precipitation of 184 mm w.e. 

(Monaghan et al., 2006) it is suggested that both the precipitation and snow 

redistribution/blowing snow sublimation processes are important during winter. It is 

difficult to quantify other mass loss processes from these results as the McMurdo Ice Shelf 

may be maintaining equilibrium by winter sublimation, snowdrift sublimation, or basal 

melt. 
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The model adapted here has much potential for future use. The distributed model can be 

easily manipulated to use different distributed inputs and to be applied to different 

locations. However, before the model can be confidently applied to other seasons or in a 

predictive manner using regional climate model data, several model limitations must be 

addressed. Once these limitations are addressed, the model will be especially useful for 

other ice shelves, such along the Antarctic Peninsula, where there has been a rapid 

southward-progressing loss of ice shelves (Lemke et al., 2007). 

 

6.3.2 Ice-atmosphere linkages 

This work has added to the limited knowledge on ice-atmospheric circulation linkages, 

especially in polar environments. A simple synoptic classification has identified three 

distinct situations that have been shown to have an impact on ice surface mass balance, and 

these synoptic situations can be applied to other analyses in this area.   

 

Overall 2004-2005 was both warmer, and the net mean surface mass balance loss was 

increased, in comparison to the 2003-2004 summer. This study has shown that the surface 

mass balance change is complex and cannot be explained by the temperature difference 

alone. However, insights can be made by assessing the frequency of different synoptic 

types that occurred. 

  

The existence of strong links between synoptic types and surface mass balance implies that 

models that predict atmospheric circulation rather than detailed analysis may be used for 

future mass balance modelling.  

 

Predictions suggest that cyclonic systems in the Southern Hemisphere will intensify, and 

that the number of deep cyclones in the Ross Sea to Bellingshausen Sea sector will 

increase by 20 to 40% in summer and up to 63% in winter by the middle of the 21st 

century (Christensen et al., 2007). This work has shown that surface mass balance is 

strongly related to the presence and positioning of cyclonic systems. Therefore, if the 

predictions hold true, this work implies that there will be an important effect on the mass 

balance of the McMurdo Ice Shelf. This effect is likely to be both an increase in 

precipitation and ablation but an overall increase in net surface mass loss.  
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Type B conditions were most frequent in the summer of 2003-2004 and although it was 

shown that the bare ice site had increased melting, this was not shown for other ablating 

areas on the ice shelf suggesting that the controls on this melt are also related strongly to  

surface conditions such as temperature and albedo.  

 

6.3.3 Debris on ice 

This research has developed a tool that can be used to determine the surface energy and 

surface mass balance of a debris-covered ice surface and should be applicable in other 

environments with some simple validation. The most important parameters to determine 

for this validation are the moisture content and thermal properties of the debris as well as 

ablation beneath the debris. Using this model tool, the thesis has presented one of the first 

surface energy and surface mass balance assessments for debris-covered ice in a polar 

environment.  

 

For the debris-covered ice site, it was inferred that the debris sufficiently thick to protect 

the underlying ice. This finding, along with further work with the model may help aid 

paleoclimatic reconstructions. 
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6.4 Future research directions 

This research has laid a foundation for future surface mass balance analyses of polar ice 

bodies and at a scale that incorporates synoptic effects. Further work that could be done to 

enhance the findings of this research should focus particularly on the following areas. 

 

Because the study was limited to summertime, winter surface mass balance was not 

considered. Extending the modeling and validation period to include a full year would 

clearly provide more useful models for assessing surface mass balance. In conjunction with 

this extension, a further synoptic classification should be performed to identify any 

synoptic situations that occur in winter months. Once annual surface mass balance can be 

calculated, the model could be used in a predictive manner. This model could potentially 

be coupled with flow and subsurface mass balance models to assess the overall mass 

balance of the ice shelf.  

 

This work was somewhat limited by the quality of the initial data. Although spin up time 

was allowed for, it is considered that if more suitable remote sensing imagery were 

available, the model performance would improve considerably. This issue may be 

overcome by extending the model run length as above, as the model could be initiated on 

the day that the best remote sensing imagery was available. 

 

Further validation of the model would also help to make it more robust. In particular, 

inclusion of AWS measurements over a snow surface would be most beneficial. Ideally 

this AWS would include precipitation measurements, although, if the AWS was in place 

for a longer period, sonic ranger data could be more easily interpreted and precipitation 

data extracted. This research has also identified several areas of interest where more data 

should be obtained, ideally with an AWS as well as stakes, these areas are: 

• North of Minna Bluff. 

• Between Black and White Island. 

• In the northeastern tip of the ice shelf. 

• Near the Koettlitz Glacier. 

 

The debris subsurface component also needs to be validated using moisture content and 

thermal properties of the debris as well as ablation beneath the debris. It would also be 

desirable to make such measurements in debris of varying depth.  
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In addition to better quality input and further validation the model used in this research is 

likely to be improved by inclusion of other processes. For example, an investigation into 

how incorporation of snowdrift sublimation into the energy balance component of the 

model effects performance would be desirable. It is also suggested that if this model had a 

snow transport model incorporated somehow, the performance may be improved. Further, 

once the debris subsurface component is fully validated, the model could be simply 

adapted to incorporate a debris thickness map.  
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6.5 Concluding comment 

By providing an insight into the patterns of surface energy and surface mass balance of an 

ice shelf and their linkages with atmospheric processes, this research has improved the 

understanding of how the atmosphere interacts with polar surfaces. Several tools that will 

aid continued understanding of these interactions were produced, thus contributing towards 

more accurate predictions of mass balance in response to climate change.  
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Appendices 
 

 

Appendix A: Significance testing on the temperatures at Scott 
Base. 

 

In order to determine if the temperature during the summers of 2003-2005 and 2004-

2005 was statistically distinct, a Welch t-test was applied for each month and for the 

four-month summer (Table A.1). The Welch test was used here as the variance of 

each data set cannot be assumed the same. The threshold of statistical significance for 

the t-test was set to 0.05.  

Table A.1 Pairs of months showing significant differences in temperature recorded at Scott Base at 

2100 (UTC) from 1964 – 2005. Bold pairs are significantly different. 

Period Level of 

significance 

 Dataset pairs 

November <0.05 2003 & 2004 

 not significant 2003 & long-term, 2004 & long-term 

   

December <0.05 2004 & long-term 
 not significant 2003 & 2004, 2003 & long-term  

   

January <0.05 2004 &2005, 2004 & long-term 
 not significant 2005 & long-term 

   

February not significant 2004 & 2005, 2004 & long-term, 2005 – long-term 

   

Summer <0.05 2003-2004 & 2004-2005, 2004-2005 & long-term 
 not significant 2003-2004 & long-term  
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 Appendix B: Debris properties  

 

Table B.1. Published properties of debris over ice used in determination of ablation of underlying ice.  

Location 

 

Lat/long Elevation 

(m.a.s.l.) 

k 

Thermal 

conductivit

y 

( W m
-1

 K
-

1) 

κ 

Thermal 

diffusivity 

(mm
2
 s

-1
) 

φ 

Porosity 

Reference 

Djankuat 

glacier, Central 

Caucasus 

43°12'N 

42°46'E 

 

2700 -3900 2.8 - 0.43 Bozhinskiy 

et al., 1986 

Beacon valley, 

Dry Valleys, 

Antarctica 

77 49 S,   

160 38 E, 

 

 

 

1200 - - 0.1 – 0.2 Hindmarsh 

et al., 1998 

Tasman 

Glacier, New 

Zealand 

43 67 S 

170 19 E 

 

760  

(terminus) 

1.8 - - Purdie and 

Fitzharris, 

1999 

Base Camp, 

Khumbu 

Glacier, Nepal 

28.00 N 

86.83 E 

 

5360 0.83 0.6 ± 0.1 0.3 Conway and 

Rasmussen, 

2000 

Lobuche, 

Khumbu 

Glacier, Nepal 

28.00 N 

86.83 E 

4960 1.28 0.9 ± 0.1   

Larsbreen 

Svalbard, 

Norway 

(dry) 

78º11’ N, 

15º33’ E 

200 0.585 ± 

0.12 

0.30 ± 0.05 0.2 Nicholson 

and Benn, 

2006 

Larsbreen 

 (wet) 

  1.669 ± 

0.35 

   

Ghiacciaio del 

Belvedere, 

Italian Alps  

(dry) 

45º57’ N, 

4º34’ E; 

2000 0.637 ± 

0.07 

0.38 ± 0.02 0.3  

Ghiacciaio 

 (wet) 

  1.776 ± 

0.19 
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Appendix C: Forcing the SOMARS model with reduced 
precipitation. 

 

When validating the SOMARS model against the measured records at the bare ice site 

(Day 341, 2004 – Day 22, 2005) it was found that there was no clear record of 

precipitation at the bare ice during the Type A conditions. Type A conditions were 

prevalent during Day 3 – 8, 2005. At McMurdo Station 40 mm w.e. precipitation was 

recorded on Day 4, 2005. It is proposed that there was some precipitation at the bare 

ice site, but that it may less than the large amount recorded at McMurdo Station. In 

order to see how a change of this nature might affect the surface and mass balance 

components, an extra model run was made with half the amount of McMurdo Station 

precipitation for Day 4, 2004 (with all other conditions kept identical).  

 

In the model run with half the precipitation net mass loss increased by 33%. Despite 

this, the turbulent fluxes and the ablation components were not altered significantly 

(Table E.1) with a maximum change of  –11% for sensible heat flux. As there were no 

measurements of precipitation at the bare ice site, and there is and no scientific basis 

for altering the precipitation in this manner, it was decided to keep the precipitation 

the same as what was recorded at McMurdo Station.   

 

Table C.1 SOMARS model run results for the bare ice site for the model run Day 341, 2004 – Day 22, 

2005. Precipitation reduced run refers to reducing the value of precipitation on Day 4, 2005 from 40 to 

20 mm w.e. 

Variable 

McMurdo 

Station 

precipitation 

run 

Reduced 

precipitation 

run Proportion change 

Sensible heat flux (W m
-2

) 6 5 -11% 

Latent heat flux (W m
-2

) 19 18 -5% 

Precipitation (mm w.e.) 55 35 -36% 

Melt (mm w.e.) -69 -71 +3% 

Sublimation (mm w.e.) -29 -27 -7% 

Total mass balance (mm w.e.) -43 -64 +33% 
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Appendix D: Significance of surface energy and mass balance 
components at the bare ice site by synoptic type. 

 

In order to determine if the surface energy and mass balance components observed at 

the bare ice site for each synoptic type defined was statistically distinct, a Welch t-test 

was applied between each climate variable for each synoptic type (Table D.1). The 

Welch test was used here as the variance of each data set cannot be assumed the same. 

The threshold of statistical significance for the t-test was set to 0.05.   

 

 

Table D.1 Pairs of synoptic types showing significant differences in surface energy and mass balance 

components for the bare ice site. Bold pairs are significantly different. 

Variable  Level of significance Synoptic type pairs 

Sensible heat flux <0.05 A & B, A & C, B & C 
 not significant  

   

Latent heat flux <0.05 A & B, A & C 
 not significant B & C 

   

Subsurface heat flux <0.05 A & B, B & C 
 not significant A & C 

   

Net radiation < 0.05 A & B, B & C 
 not significant A & C 

   

Melt  not significant A & B, A & C, B & C 

   

Sublimation <0.05 A & B, A & C 
 not significant B & C 
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Appendix E: Significance of surface energy and mass balance 
components at the debris-covered ice site by synoptic type. 

 

In order to determine if the surface energy and mass balance components observed at 

the debris-covered ice site for each synoptic type defined was statistically distinct, a 

Welch t-test was applied between each climate variable for each synoptic type (Table 

E.1). The Welch test was used here as the variance of each data set cannot be assumed 

the same. The threshold of statistical significance for the t-test was set to 0.05.   

 

Table E.1 Pairs of synoptic types showing significant differences in surface energy and mass balance 

components for the debris-covered ice site. Bold pairs are significantly different. 

Variable  Level of significance Synoptic type pairs 

Sensible heat flux <0.05 A & B, A & C  
 not significant B & C 

   

Latent heat flux <0.05 A & B 
 not significant B & C, A & C 

   

Subsurface heat flux not significant A & B, A & C, B & C 
   

Net radiation < 0.05 A & B 

 not significant A & C, B & C 

   

Melt  not significant A & B, A & C, B & C 

   

Sublimation <0.05 A & B 
 not significant B & C, A & C 
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