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Abstract 
 

Glaciers currently account for 60% of the ice mass lost in Antarctica, with Antarctic 

Peninsula glaciers having a potential contribution of 54mm to global sea level rise (Meier et 

al. 2007; Huber et al. 2017). Furthermore, existing literature increasingly recognises the 

spatial distribution of glacier mass loss on the Antarctic Peninsula, attributed to various 

internal and external processes (Cook 2014). However, the significance of aspect has yet to 

be investigated at a local scale for glaciers at extreme latitudes. Subsequently this research 

investigates the significance of aspect on observed multi-decadal changes in glacier thickness 

of marine-terminating glaciers on the Antarctic Peninsula. Two marine-terminating glaciers 

of opposing aspect, Leonardo westward facing, and Diplock eastward, were identified based 

on the availability of historic aerial photography. Digital Elevation Models (DEMs) were 

produced from archived film photography collected in 1957 by the British Antarctic Survey, 

and recent 2009/2016 digital photography collected by NASA’s operation Icebridge. A 

limitation of using this method is the lack of high spatial resolution geographic reference 

data. Subsequently DEMs for Leonardo, 1957 and 2009, have a RMSE of 5.13m and 6.98m 

respectively, and Diplock 1957 and 2016, 7.50m and 7.54m. The findings of this 

investigation support existing research, with observed thinning on the west coast from 

increased carving and shrinking of east coast glaciers following terminus retreat (Davies et al. 

2012; Seehaus et al. 2018). To conclude, aspect was found to be significant locally, in 

addition to playing a role in regional changes. Furthermore, these findings suggest that as east 

coast tributary glaciers decelerate following ice shelf collapse, the contribution of westward 

marine-terminating glaciers to mass loss are expected to outweigh that lost on the east, 

because of persistent warm waters and increasing air temperatures driving ablation (Cook 

2014; Seehaus et al. 2018; Turner et al. 2020). However, due to the complexities of external 

processes, more work must be done to investigate the role of aspect on regional mass balance. 
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1.0  Introduction and literature review 

1.1 Glacier Mass Balance 

Terrestrial ice mass (TIM), otherwise known as Land Ice, covers 10% of the earth surface 

and stores approximately 33 million km3 freshwater, equivalent to 70m of global sea level 

rise (Benn and Evans 1998). Glaciers are the smallest TIM covering an area of ~225,500km2, 

found both at extreme latitudes, and at high-altitude mid-latitudes where temperatures are 

consistently low (Figure 1). Glaciers are formed by the accumulation of snow, which is 

compressed into firn, and glacial ice via the process of densification (Oraschewski and 

Grinsted 2022). They flow plastically under gravity and deform internally because of their 

mass, exerting erosional forces onto the bed beneath them (Parks 2022). Mass is accumulated 

within the accumulation zone, and lost, or ablated downslope in the ablation zone (Figure 2) 

(Meier 2022). Ablation occurs via melting, carving into icebergs, and sublimation, common 

in arid regions such as Antarctica (Meier 2022). Mass balance is calculated as the difference 

between accumulation and ablation over time and varies in response to environmental 

conditions and is subsequently a valuable indicator of climate change (Kurtz 2013).  

Figure 1. Geographic distribution of terrestrial ice mass obtained from USGS Satellite image 

atlas of glacier of the world (Williams and Ferrigno 2005). 
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Figure 2. A hypothetical glacier, black arrow shows the direction of flow from the 

accumulation zone, past the equilibrium line (red) where accumulation is equal to ablation, 

downslope to the ablation zone. 

There are various indicative measures of mass balance, one of which is the Equilibrium Line 

Altitude (ELA) (Hubbard and Glasser 2005; Johnson et al. 2020). The ELA is the point at 

which there is no net mass gain or loss, as shown in Figure 2, and varies seasonally due to 

winter precipitation and summer melt (Hubbard and Glasser 2005; Nesje 2014). When annual 

mass balance is negative, the ELA rises, and when positive, ELA falls (Nesje 2014). Various 

approaches exist for measuring ELA, consequential of the complex relationship between 

mass balance and altitude (Osmaston 2005; Braithwaite and Raper 2009). Braithwaite and 

Raper (2009) argue the best approach is the balanced-budget ELA. In their study of 94 

glaciers, they found this measure to be strongly correlated to median glacier altitude, and as a 

result, mass balance can be accurately extrapolated (Figure 3) (Braithwaite and Raper 2009; 

Braithwaite 2017). However, for glaciers with unknown mass balance, different approaches 

produce varying results such that it is difficult to accurately estimate mass balance from ELA, 

and as a result, this measure lacks precision (Braithwaite 2017).  
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Figure 3. The relationship between balanced-budget ELA and median glacier altitude 

obtained from Braithwaite and Raper 2009. 

Glacier extent is another measure indicative of mass balance, calculated as the total area of 

glacier surface, and can be obtained from indirect methods (Figure 4). A benefit of using 

indirect methods, such as aerial photography, is the availability of historical photographs 

which enabled Thompson et al. (2009) to produce a 92-year record of Kilimanjaro’s glacier 

extent. However, extent is greatly affected by topography and thus alone, lacks precision. 

Additionally, surface area is not a measure of volume (Davies 2015).  

The volume of a glacier can be calculated by measuring the elevation and extent, and 

therefore volumetric change be estimated by subtracting the surface elevation and extent of a 

glacier from different periods (Kaser et al. 2003; Hubbard and Glasser 2005). Elevation is 

presented as a Digital Elevation Model (DEM), and varies in its accuracy and precision, 

dependant the source data and methodology as discussed in section 1.2 (VanLooy et al. 

2006). The most accurate source data is those with the highest spatial resolution, and most 

precise mass balance calculations, obtained by combining different measures. 
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Figure 4. Hypothetical valley glacier showing different observational measures indicative of 

mass balance including Glacier Extent, Equilibrium Line Altitude (Figure 2) and Terminus 

position. Where the blue line represents a meltwater stream.  

 

As summarised in Table 1, ELA and extent lack precision as they are indicators rather than 

volumetric measures of mass balance. However, when combined with measures such as 

elevation, their accuracy and precision is improved. Since ELA and elevation are both a 

measure of height, the best measure of mass balance is a combination of elevation and extent. 

 

Table 1. Summary of the strengths, weaknesses, accuracy, and precision of 

measures of glacial mass balance discussed in section 1.1. 

Measure Strengths Weaknesses  Accuracy Precision 

ELA 

Altitude is a strong 

indicator of mass balance.  

Can accurately estimate 

mass balance after a few 

years of records 

(Braithwaite 2017).  

Different approaches 

produce differing 

results. 

Lacks accuracy for 

glaciers with no mass 

balance record 

(Braithwaite 2017).   

Low Low 
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Extent 

Indicator of mass balance. 

Can be obtained from 

indirect methods to 

produce long-term records 

(Thompson et al. 2009). 

Greatly affected by 

topography. 

Lacks volumetric data.  

Medium Low 

Elevation 

DEMs show volumetric 

change across glacier 

(Hubbard and Glasser 

2005). 

Global, regional, and local 

glacial monitoring.  

DEM quality is 

dependent upon source 

data (VanLooy et al. 

2006). 

Medium 

- High 

Medium 

- High 

 

 

1.2 Methods of Measuring Elevation 

Elevation can be measured using a variety of direct and indirect methods. Glaciological mass 

balance is measured directly, in the field, and Geodetic mass balance measured indirectly, 

from a distance (Knight 1999). DEMs are produced from both direct and indirect measures of 

elevation such as Staking, GNSS Surveys, InSAR, LiDAR and Passive imagery, each of 

which are discussed in the following section and summarised in Table 6. 

 

1.2.1 Direct: Staking and GNSS Surveys 

Traditionally mass balance was measured directly by staking out the glacier surface, 

providing points from which elevation can be measured (Davies 2020a). Louis Agassiz was 

the first to conduct a glaciological study using stakes in their 1847 study of the Lower Aare 

Glacier, Switzerland (Steiner et al. 2007). Whilst still used today, staking lacks the accuracy 

and precision offered by more sophisticated direct methods such as Global Navigation 

Satellite System (GNSS) surveys (Correa-Muños and Cerón-Calderón 2018). GNSS surveys 

measure elevation from point measurements collected on the glacier surface, as opposed to 

measuring change in elevation relative to that of stakes. However, this technology is 

expensive and in general direct measures are very labour intensive and thus, only suitable for 

measuring individual glaciers (Davies 2015). Additionally, field work is usually only 

conducted in the summer due to weather conditions, as a result mass balance is interpolated 

from seasonal observations (Volksen and Mayer 2016). Thompson et al. (2009), found that 
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using averages based on interpolated results led to the overestimation of loss by thinning and 

underestimation of loss by shrinking. Due to these limitations, direct measurements have only 

been obtained for <0.3% of glaciers worldwide (Li et al. 2021).  

 

1.2.2 Indirect: InSAR and LiDAR 

New technologies have enabled us to measure elevation using airborne and satellite-based 

systems. Interferometric Synthetic Aperture Radar (InSAR) are active systems, which emit 

their own energy in the form of microwaves to monitor changes on the earth’s surface 

(National Aeronautics and Space Administration (NASA) 2023). Subsequently, a huge 

advantage of InSAR is that it is not reliant upon a passive light source and is therefore 

unaffected by time of day, seasonality, or cloud cover. Additionally, different frequencies and 

wavelengths emitted respond to different characteristics of the earth’s surface, with some 

wavelengths able to penetrate snow and ice (NASA 2023). Therefore, InSAR can be used to 

quantify surface topography, providing additional information regarding glacial bed 

morphology (Hubbard and Glasser 2005).  

Light Detection and Ranging (LiDAR) systems, actively use light, most commonly near 

infrared, pulsed from a laser to measure distance to the earth’s surface (National Oceanic and 

Atmospheric Administration (NOAA) 2023). LiDAR utilises a shorter wavelength than 

InSAR and is subsequently affected by cloud cover and rain, but generally has a higher 

spatial resolution owing to its lower ccost and weight contributing to its suitability as an 

airborne system (Satsence 2021).  Despite their differences, both can be used to produce 

satellite DEM products with The Shuttle Radar Topography Mission (SRTM) and Advanced 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global DEM (GDEM), 

being some of the most popular, both with a 30m spatial resolution (Table 2) (Earth 

Resources Observation and Science (EROS) Centre 2018; Ghannadi et al. 2023). However, 

the application of these products for glaciology is limited by their coverage, with SRTM 

unavailable at extreme latitudes, and ASTER GDEM containing significant holes in both 

polar regions (Copernicus 2017; Ghannadi et al. 2023). The TerraSAR-X and TanDEM-X 

twin satellites DEM products are regarded as some of the most accurate and consistent to date 

(Ghannadi et al. 2023; European Commission 2023). The TanDEM-X DEM is the original 

non-edited product, other products include WorldDEM and Copernicus DEM (Cop-DEM), 

the most recent global DEM product, which is available in a range of spatial resolutions, the 

30m version of which is popular thanks to its high vertical accuracy (Marešová et al. 2021).  
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Ghannadi et al. (2023) compared the vertical accuracy of Cop-30m DEM and SRTM using 

high spatial resolution DEM products and found Cop-DEM to be more accurate than SRTM 

for both study sites, with a root mean square error (RMSE) of 5.72 and 2.19 meters, 

compared to 6.10 and 3.95 for SRTM respectively (Ghannadi et al. 2023). 

Table 2. Various InSAR and LiDAR satellite-based DEM products (Copernicus 

2017; EROS Centre 2018; Marešová et al. 2021). 

An advantage of satellite imagery is their large IFOV, but as a result they lack spatial 

resolution, additionally satellite DEM products produce huge amount of data that requires 

filtering and processing, dependent upon its application (Liu 2008). Therefore, pre-processed 

datasets may not be suitable and consequently, raw data is preferred. However, processing is 

labour intensive, and methods vary depending on the application, analysis, and data analyst, 

who may introduce bias (NASA 2023).  

 

1.2.3 Indirect: Passive Imagery and Photogrammetry 

Satellite imagery and aerial photographs can be used to measure elevation using 

photogrammetry, whereby information is extracted about an environment from photographs 

(Autodesk 2023). The following table introduces the 3 primary principles of 

photogrammetry.  

Table 3. Primary principles of photogrammetry (Zachariah 2019). 

Principle Description 

Non-contact measurement Measurements obtained from a distance, or indirectly. 

Collinearity 

A correlation between variables; in geometry and 

photogrammetry, expressed linearly as a set of points along a 

single line (Dembowski 1968; Liu 2016). 

Triangulation Using known points to determine the location of an unknown 

point. 

Satellite Product System Spatial Resolution 
Latitudinal 

coverage 

Shuttle Radar 

Topography 

Mission (SRTM) 

Global Satellite 

DEM 
InSAR 30m 56° S - 60° N 

Terra  ASTER GDEM LiDAR 30m 90° S – 90° N 

TerraSAR-X and 

TanDEM-X 

TanDEM-X DEM InSAR 
30m (12m at the 

equator) 

90° S – 90° N 

World DEM InSAR 90° S – 90° N 

COP DEM InSAR 90° S – 90° N 
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Table 4. The paradigms and development of modern photogrammetry. 

Photogrammetry has been since the advent of photography, as shown in Table 4, and has led 

to the development of photogrammetric software able to produce a range of outputs shown in 

Table 5. The process of producing DEMs consists of four key steps. Firstly, photographic 

alignment, and building a sparse point cloud, followed by building a dense point cloud, then 

building the mesh, and finally texture (Figure 5) (Swedish National Heritage Board 2019). 

Some software now allows users to produce DEMs from dense point clouds further reducing 

processing time.  

Table 5. Different outputs produced by photogrammetric software (GeoNadir 2022). 

Output Description 

Orthomosaic 
A mosaic of images stitched together in photogrammetry software 

to create a single image  

Digital elevation 

model (DEM) 

Multiple types of DEMs including digital surface models (DSM) 

and digital terrain models (DTM). DSM includes natural and 

artificial features such as trees and buildings, whereas DTM only 

models’ topography. 

3D model/mesh 
Computer algorithms can produce 3D models from photos taken 

from multiple angles to generate a mesh.  

Point cloud 

Characterised by a collection of points, or coordinates (x, y, z), 

identified by the software. Photogrammetry software can create 

both sparse and dense point clouds which are then used to create 

models. 

 

 

Paradigm Description 

Analog 

Photogrammetry  

1920s – 1970  

Analog photogrammetry began when stereoscopy became widely used, 

and aeroplanes could be used for aerial imagery (Zachariah 2019).  

Analytical 

Photogrammetry 

1960 – 1990s 

Used mathematical formulas to calculate the coordinates of a point from 

photographs using camera calibration parameters, measured image 

coordinates and ground control points (Ruzgiene and Alekniene 2012; 

Zachariah 2019).  

Digital 

Photogrammetry 

1990s - Present 

Further technological advancements and the availability of low-cost 

computers and cameras helped improve photogrammetry's applications 

and accuracy (Zachariah 2019; Niculiță et al. 2020).  

Laser Scanning 

1990s - Present 

Development of active airborne and satellite-based systems such as 

InSAR and LiDAR.  
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Figure 5. Antartic Peninsula Glacier reconstructed in photogrammetric softwear from Aerial 

photographs. (A) Sparse Point Cloud, (B) Dense Point Cloud, (C) Mesh. 

Aerial photography remains the highest spatial resolution data available for glacial 

monitoring, owing to its smaller IFOV (Hubbard and Glasser 2005). However, VanLooy et 

al. (2006) concludes, DEMs are only as accurate as their source data and subsequently their 

accuracy and precision vary greatly. Fox and Czifersky (2008) discuss how modern 

photogrammetric techniques can be used to analyse historic aerial photography and reduce 

B 

C 

A 
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inconsistencies resulting from angle and lens distortion. Their work highlights the difficulties 

in applying the established Self-calibrating bundle adjustment (SCBA) technique and propose 

a distortion curve to account for lens distortion (Fox and Czifersky 2008). However, many 

software packages can now automatically calculate distortion, and subsequently accurate 

orientation can be achieved even when distortion in unknown.  

When using photogrammetry to produce a DEM from aerial photographs, ground control 

points (GCP) are necessary to provide geographic reference data (Papworth 2014). When 

using archived photography GCPs are collected after the photos are taken and should be well 

distributed to ensure the greatest accuracy as discussed in section 3.3 and 5.4. Pulighe and 

Fava (2013) analysed the accuracy of DEMs created from aerial photographs by comparing 

them with standard DEM products such as ASTER GDEM and the 10m Italian DEM, 

TINTIALY (Tintaly 2023). Their assessment was based on known points and confirmed the 

overall accuracy of photogrammetric DEMs produced from historic aerial photographs as 

being competitive of those produced by satellite products (Pulighe and Fava 2013).  

 

1.2.4 Summary of Methods 

The growing interest in glaciology, coupled with the push for global glacial monitoring in 

recent years, has led to the rapid development of indirect, remote sensing methods for 

measuring elevation (Davies 2020a; Li et al. 2021). However, indirect methods lack spatial 

resolution and subsequently direct, measurements are often necessary to support and improve 

the overall accuracy of calculations (Cox and March 2004; Li et al. 2021). As stated by 

Fischer (2011), both direct and indirect mass balance methods are valuable and largely 

complement each other. As a result, many studies prefer to use multiple measures of mass 

balance. Zemp et al. (2019), produced a global glacier mass change dataset composed of both 

glaciological and geodetic measurements collected by the World Glacier Monitoring Service 

(WGMS) from 1961-2016 (Li et al. 2021). Long-term global datasets such as these, enable 

scientists to identify trends in mass balance (Kurtz 2013). Li et al. (2021) define 20 years as 

the minimum period for which long-term trends may be assessed when monitoring glacial 

changes. Therefore, when measuring multi-decadal changes in elevation photogrammetry is 

utilised due to the lack of historic In-SAR and Lidar datasets.  
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Table 6. Summary of methods used to measure Glacier elevation discussed in 

section 1.2. 

 

 

 

 

 

 

Method Strengths Weaknesses Accuracy Precision 

Staking 

High spatial and 

temporal resolution.  

Simple and 

inexpensive.  

Interpolated from 

seasonal measures. 

Time consuming and 

labour intensive. 

Medium Medium 

GNSS Survey 

High spatial and 

temporal resolution.  

User has control over 

point frequency.  

Interpolated from 

seasonal measures. 

Very expensive, time 

consuming and labour 

intensive. 

High volume of data, 

a lot of processing.  

High High  

In-SAR 

Active system utilising 

long wavelengths.  

Can be used to measure 

bed topography.  

High volume of data, 

a lot of processing. 

Low-medium spatial 

resolution. 

Medium Medium 

LiDAR 

Active system utilising 

short-medium 

wavelengths.  

Airborne or spaceborne 

systems.  

High volume of data, 

a lot of processing. 

Affected by cloud 

cover and rain. 

Medium 

– High 
Medium  

Passive Imagery 

and 

Photogrammetry 

High spatial resolution.  

Historic photographs 

available. 

Various outputs.  

Requires GCPs and 

georeferencing. 

Medium 

- High 

Medium 

- High 
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1.3 Study Area: Antarctica. 

Growing concerns regarding climate change has seen the number of published articles on 

glacial mass balance increase dramatically (Figure 6). Antarctica is of special scientific 

interest as the largest and most pristine environment on earth, with collections of aerial 

photographs dating back to the 1940s. Whilst ice sheets hold the majority of Earths 

freshwater, glaciers currently account for 60% of the ice mass lost in Antarctica with 

contributions from smaller glaciers predicted to cause 0.1-0.25m of additional sea-level rise 

by 2100 (Meier et al. 2007). As stated by Dong et al. (2021), the Antarctic Peninsula has been 

widely studied due to its sensitivity to climate change and potential contribution to global sea 

level. Additionally, there is growing interest in the spatial variation of mass loss on the 

Antarctic Peninsula with the Western Peninsula warming fastest and Eastern Peninsula 

retreating fastest (Turner et al. 2020; Cook 2014).  

  

Figure 6. Stacked bar chart displaying the number of published articles identified by 

Clarivate Web of Science (11th of November 2022) and associated publication years. Glacial 

mass balance results identified from search topics, “glacial mass balance”. Antarctica results 

from search topics, “glacial mass balance” and abstract “Antarctic” OR Antarctica”. Aerial 

Photography results identified from search topics, “glacial mass balance” and abstract “Aerial 

photography” OR Photogrammetry”.  
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Data collected from NASAs Gravity Recovery and Climate Experiment (GRACE) and 

GRACE follow up (GRACE-FO) satellites, Figure 7, further highlights the accelerating rate 

at which mass is being lost in Antarctic. NASAs GRACE and GRACE-FO satellites study 

changes in water, ice sheet and the solid earth using a microwave k-band ranging instrument, 

accelerometer, and GNSS receiver to detect changes in the pull of gravity (Gricius and 

Hartono 2023). The GRACE satellites are the first to map gravitational changes on earth, 

which is an alternative way of measuring mass balance, and is particularly useful when 

estimating the mass of large ice sheets (Leroux and Pellarin 2016). However, with a spatial 

resolution of approximately 300km, GRACE lacks the spatial resolution necessary for 

investigating glaciers at fine scales and thus high-resolution methods are required (Dong et al. 

2021). 

Figure 7. Change in volume (Gt) of Antarctic Terrestrial Ice Mass from 2002-2022, 

measured by NASAs GRACE and GRACE-FO satellites, obtained from NASA (2022). 

Missing data from June 2017 until June 2018 due to the time between GRACE and GRACE-

FO satellite missions (NASA 2022). 

The thinning and retreat of marine terminating glaciers is associated with dynamic instability, 

which Meier et al. (2007) highlights, is generally not considered in mass-balance and climate 

modelling. By comparing retreat rates on the Antarctic Peninsula to the climate record, 

Pudelko et al. (2018) found interannual fluctuations to be correlated to oscillations in annual 

Positive Degree-Days. Suggesting that whilst mass loss on the Peninsula is somewhat 

continuous, interglacially there is still huge variation in response (Pudelko et al. 2018). 

Furthermore, morphology plays a key role in frontal recession and glacial thickness. Pastik et 

al. (2021) observed longitudinal slope on marine terminating glacier to be the connecting 

factor between front position and glacier thickness, with steeper slopes resulting in thinning 
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and retreat.  Previous studies have investigated difference in behaviour associated with 

terminus, with marine-terminating glaciers most vulnerable to climate change (Davies et al. 

2012). Additionally, the role of aspect on glaciation has been observed to be of local 

significance at mid-latitudes but is not obvious regionally (Benn and Evans 1998; Huber et al. 

2017; Geçen et al. 2018). Despite this, little work has been done to better the role of aspect on 

mass balance at extreme latitudes. Thus, by comparing two glaciers with opposing aspects, on 

the east and west coasts of the Antarctic Peninsula, this report will investigate to what extent 

aspect, effects multi-decadal changes in glacial thickness.  

 

2.0 Aim and Objectives 

2.1 Aim 

To assess the influence of aspect on marine terminating glaciers on the East and West coasts 

of the Antarctic Peninsula and compare decadal changes in elevation as a measure of glacial 

mass balance. 

 

2.2 Objectives 

Objective 1 – Identify appropriate marine terminating glaciers with opposing aspects and 

similar characteristics located at extreme latitudes.  

Objective 2 – Identify high-resolution aerial photographs of Antarctic Peninsula Glaciers, 

Leonardo and Diplock, to measure multi-decadal changes in glacial thickness. 

Objective 3 – Create digital elevation models using available computer software’s using 

high-resolution aerial photography.  

Objective 4 – Compare and contrast changes in elevation of both glaciers and discuss their 

similarities and differences, in addition to changes in their size and shape. 

Objective 5 – Discuss to what extent aspect contributes to observed changes in elevation of 

both glaciers, using supporting evidence from previous studies and elevation profiles. 
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3.0 Methods 

Multi-decadal changes in elevation were measured for two marine terminating glaciers of 

opposing aspect and similar characteristics on the Antarctic Peninsula. Archived film and 

more recent digital aerial photographs were used to build DEMs and assess the change in 

elevation, size, and shape of chosen glaciers.  

 

3.1 Study Area  

Two glaciers were identified from the World Glacier Inventory (Figure 8). Diplock on the 

east coast of the Antarctic Peninsula and Leonardo on the west coast.  The glaciers were 

selected based on available archived aerial photographs, aspect, and terminus. Diplock and 

Leonardo, are both marine-terminating and partly sheltered by offshore land masses shown in 

Figure 8. However, they are situated at different latitudes, and have slightly varying 

characteristics resulting from the topography of the Peninsula.  

Figure 8. Antarctic Peninsula Glaciers, Leonardo and Diplock, polygonised extents as of 

2001 based on Aster Imagery (Rau et al. 2005), shown in red, overlaying Bing Virtual Earth 

Base Map with wider extent shown in the top right. 
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Leonardo glacier is a westward facing (270°) marine-terminating outlet glacier, located           

-64.69870’N and -61.88970’W, with a total area extent of approximately 25km2. In addition, 

Leonardo has a cascading or stepped longitudinal profile which may inhibit flow and allude 

to the stationary classification of its tongue (Rau et al. 2005). 

Table 7. Characteristics of Leonardo Glacier as classified by Global Land Ice 

Measurements from Space (GLIMS) classification system manual V.1 by Rau et 

al. (2005), based on 2001 ASTER imagery. 

Characteristic Classification Description 

Primary Classification Outlet Glacier 
Flows downslope, following local topography 

with no clearly defined catchment. 

Form Compound Basins 
System of valley glaciers that merge into one 

basin.  

Longitudinal Profile Cascading 
Surface varies in inclination, crevasses and 

seracs common. 

Source Nourishment Snow / Drift Snow Snow and wind transported accumulation. 

Activity of Tongue Stationary Not moving.  

Frontal Characteristics Floating Terminus is floating, implies calving.  

Figure 9. (A) Leonardo approximate glacial extent. (B) Diagram of Compound Basin Glacier 

form, and (C) Diagram of Cascading Longitudinal Profile inspired by Rau et al. (2005). 
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Diplock is an eastward facing (90°) marine-terminating confluent outlet glacier, located          

-64.02642’N and -58.90817’W, with a total area extent of approximately 33km2. Diplock 

merges masses with a glacier of similar size along the northern edge of its tongue 

approximately 3km from its terminus (2001) (Jiskoot 2014) (Figure 10). Furthermore, due to 

lack of data, Diplock’s tongue activity has not been classified (Table 8) (Rau et al. 2005).  

Table 8. Characteristics of Diplock Glacier as classified by GLIMS classification 

system manual V.1 by Rau et al. (2005), based on 2001 ASTER imagery. 

Characteristic Classification Description  

Primary Classification  Outlet Glacier  
Flows downslope, following local 

topography. 

Form Simple Basin 
Single basin with catchment defined by 

topography.  

Longitudinal Profile Even, regular 
Regular stepped longitudinal profile with 

little variance in surface.   

Source Nourishment  Snow / Drift Snow Snow and wind transported accumulation. 

Activity of Tongue  Uncertain Uncertain, or not measured. 

Frontal Characteristics Confluent  Tongue merges with another glacier. 

Figure 10. (A) Diplock approximate glacier area. (B) Diagram of Single Basin Glacier form 

and, (C) Diagram of Even, regular, Longitudinal Profile inspired by Rau et al. (2005). 
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3.2 Aerial Photography  

High-resolution digitised archived film photographs were obtained from the British Antarctic 

Survey (BAS) (1956-1957). The photographs were taken using three Fairchild cameras with 

6-inch Bausch and Lomb 90-degree metrogon lenses stored on 9-inch film (National Air and 

Space Museum 2023). The cameras were calibrated by the National Bureau of Standards for 

use for aerial photography and assembled with one vertical axis, and two oblique axis (Figure 

11) (Global Security 2023; National Air and Space Museum 2023). For this project only 

overlapping vertical photographs were used in produce DEMs. Camera calibrations outlined 

in Table 9, were provided by BAS Mapping and Geographic Information Centre upon 

request. 

Figure 11. (A) Fairchild camera (National Air and Space Museum 2023). (B) The camera 

axis and overlap of trimetrogon aerial photography (Global Security 2023).  

Operation Icebridge was flown between 2009-2016, to bridge the gap between the Ice Cloud 

and land Elevation Satellite (ICESat) missions. Icebridge used a fleet of aircraft equipped 

Digital Mapping Systems (DMS), which acquired high spatial resolution natural colour 

(RGB) and panchromatic imagery (Dominguez 2019). Most photographs were obtained in 

panchromatic mode to maximise grey-level possibility, but all outputs are natural colour 

(RGB) (Dominguez 2019). The DMS system included a 21-megapixel Canon EOS 5D Mark 

II digital camera, computer-controlled intervalometer to ensure the correct spacing between 

frames, and an Applanix POS/AV precision orientation system (Dominguez 2019; 

Anagnostopoulos 2023). Images were also adjusted in-flight to increase quality and exposure 

(Dominguez 2019).  
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Table 9. Collections of aerial photographs identified for Leonardo and Diplock. 

 
 

3.3 Pre-processing 

The Icebridge Level-0 raw imagery was downloaded in JPEG format, whilst BAS film 

photographs were converted from GeoTIFFs to JPEGs, with a compression value of 75%. 

Additional pre-processing was required for the film photographs including resizing using 

photo editing software, and masking film frames and frame numbers in photogrammetric 

software to avoid misalignment. Fiducials were also present on each image, but their 

coordinates are unknown and as a result, were excluded.  

GCPs were used to provide geographic references for both the film and digital photography 

(Papworth 2014). Nunataks were identified as the most suitable GCPs, and their position was 

obtained from existing DEM products. NASAs Icebridge airborne Lidar had the highest 

spatial resolution but had limited coverage for both glaciers. As a result, GCPs were not well 

distributed and caused issues with scaling in photogrammetry software. Therefore, Cop-30m 

DEM was used due to its high vertical-resolution as discussed in section 1.2.2. According to 

Copernicus (2017), Cop-DEM has a vertical resolution of 1m and accuracy of 7m, which is in 

alignment with the accuracy observed by Ghannadi et al. (2023). Additionally, Cop-DEM 

uses the horizontal reference datum World Geodetic System 1984 (WGS84 EPSG 4326) the 

same as the LIMA mosaic created from Landsat 7 imagery, with a 30m resolution, which was 

also used when identifying GCPs (Ghannadi et al. 2023). The distribution of GCPs for both 

Leonardo and Diplock is shown in figure 12, with a minimum of 60 GCPs per DEM to ensure 

sufficient geographic reference (Papworth 2014).  

 

 

Leonardo 

Dataset Year Focal Length Flying Height Resolution (dpi) 

BAS 26/FID 1957 153.21 mm 13500 ft 96 

IceBridge DMS L0 2009 28.00 mm Low - Medium  72 

Diplock 

Dataset Year Focal Length Flying Height Resolution (dpi) 

BAS 26/FID 1957 153.21 mm 13500 ft 96 

IceBridge DMS L0 2016 28.00 mm Low - Medium  72 
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Figure 12. Distribution Ground Control Points for (A) Leonardo, and (B) Diplock, overlying 

dense point cloud in photogrammetric software.  

 

3.4 Photogrammetric Analysis  

Following pre-processing the photogrammetric software, Agisoft Metashape Professional, 

was used to build DEM following the process outlined in Figure 13. DEMs were built from 

depth maps created when building a dense point cloud using aggressive filtering to ensure the 

greatest accuracy. Figure 14 shows different DEMs built from a mesh, dense point cloud and 

depth maps to highlight the variation in accuracy associated with each approach. 

Additionally, interpolation was enabled as default to fill minor holes within the model. Holes 

are the result of very smooth, untextured surfaces lacking tie points such as on the glacier 

tongue. 

B 

A 
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Figure 13. Step by step process of building DEM and Orthomosaic from archived film 

photography in photogrammetry software. 

DEMs created in photogrammetric software were exported as Geotiff files to avoid any 

compression and imported into Quantum GIS (QGIS) for analysis. During analysis the Raster 

Calculator was used to subtract the Icebridge DEM from the BAS DEM, based on the 

assumption that both Leonardo and Diplock had lost mass over the period, to produce a delta, 

or difference DEM. In addition, an orthomoasic was created from each set of photographs to 

produce a high spatial resolution image from which glacier extent could be measured. 

Orthomosaics were also exported as Geotiffs and imported into QGIS for analysis. 

To assess the accuracy of DEMs the United States Geological Survey (USGS) suggest using 

at least 28 check points to validate GCPs (Papworth 2014). However, as discussed in section 

3.3, GCPs are limited to Nunataks and subsequently not evenly distributed. Additionally, 

GCPs are only as accurate as the product they are derived from and as a result each GCP has 

an estimated error based on the analyst’s confidence in its precision. Photogrammetric 

software then uses each GCPs estimated error, number of projections and quality of 
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alignment to generate the predicted of each GCP. The absolute error was used to assess the 

accuracy and precision of each DEM shown in Table 12, where the absolute error is the 

modulus of the observed and predicted errors. Root mean square error (RMSE) and mean 

error (ME) were used as a measures of accuracy, and standard deviation (SD) as a measure of 

precision discussed in section 5.4 (Papworth 2014).  

Figure 14. DEMs of Diplock built using film photography. (A) DEM built from mesh using 

TIN interpolation, (B) DEM built from dense point cloud, (C) DEM built from depth maps.  
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4.0 Results  

In the following section the DEMs produced from both BAS and Icebridge aerial 

photographs are presented in addition to Table 12 summarising their accuracy and precision. 

Additional figures have been produced to show area extent and change in shape and size over 

the period measured. Two key themes were identified in these results, change in glacier 

thickness, and change in glacier shape, each of which are discussed in the following sections 

and summarised in Table 13. 

 

4.1 Change in Elevation  

The first set of DEMs shows obvious thinning of Leonardo from 1957-2009 at the glacier 

head, with little change observed along the glacier tongue. Change in elevation at the 

terminus is unknown due to incomplete coverage and insufficient overlap of aerial 

photographs discussed in section 5.4. To compare the difference in elevation a delta DEM 

was built, shown in Figure 16, with 100m contours to highlight the distribution of change 

across the glacier surface. Changes in elevation and slope are presented as an elevation 

profile, Figure 17. The most striking result from all three figures is the obvious thinning at the 

glacier head in contrast to the glacier tongue.  

Overall, Leonardo lost 1618.83m of elevation between 1957-2009, equal to a 29.4% of its 

1957 elevation. As shown in Figure 17, 616.25m of elevation was lost at the glacier head, 

along the north-eastern edge, highlighted by contours in Figure 16. However, mass loss 

decreased with distance from the glacier head, along the centre line, where approximately 

3km from the head the glacier surface began to rise, resulting in an increase in elevation of 

79.40m, 7.4km from the glacier head. The resulting change in size, shape and slope profile is 

discussed in section 4.2.  
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Figure 15. Digital elevation models produced using aerial photographs of Leonardo in 1957, 

and 2009, overlying OpenSteetMap basemap.  
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Figure 16. Delta DEM and 100m contours of Leonardo surface showing the difference in 

elevation from 1957-2009, overlying BAS 1957 orthomosaic and OpenStreetMap basemap.  

Figure 17. Centre line elevation profile of Leonardo in 1957, 2009 and change in elevation 

with distance from the head of the glacier. Elevation obtained from DEMs built using aerial 

photographs in addition to delta DEM. 
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The change in elevation observed for Diplock between 1957-2016 is presented as two DEMs 

in Figure 18. The greatest loss is observed at the terminus and a small gain at the glacier 

head, resulting in an overall steepening of the glacier. However, elevation values at the 

glacier head from 1957 are slightly misleading due to the presence of clouds. Additionally, 

incomplete coverage of Icebridge aerial photographs resulted in merged DEM with Cop-30m 

DEM produced from the TanDEM-X DEM discussed in section 1.2.2 and 5.4 (Copernicus 

2017).  

Figure 18. Digital elevation models produced using aerial photographs of Diplock in 1957, 

and 2016, overlying OpenSteetMap basemap.  
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 Figure 19. Delta DEM and 100m contours of Diplock surface showing the difference in 

elevation from 1957-2016, overlying BAS 1957 orthomosaic and OpenStreetMap basemap. 

 

Figure 20. Centre line elevation profile of Diplock in 1957, 2016 and change in elevation 

with distance from the head of the glacier. Elevation obtained from DEMs built using aerial 

photographs in addition to delta DEM. 
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Overall 349.59m of elevation was lost between 1957 and 2016, equivilent to 3.1% of 

Diplocks 1957 elevation. Figures 19 and 20, show the distribution of elevation change across 

the glacier surface as elevation increases with distance from the head. Figure 20 shows a 

198.97m lost at the terminus and 92.01m gain on the southwestern glacier head. This is 

highlighted again in Figure 18 and 19, as changes >15m are limited to the glacier head and 

terminus resulting in a change in shape and slope profile, discussed in the following section.  

 

4.2 Glacier Shape and Size 

The observed changes in elevation discussed in section 4.1, resulted in changes in the size, 

shape, and slope profile of both Leonardo and Diplock. Glacier extent for both Leonardo and 

Diplock are shown in Figure 21 and 22. Surface area was calculated from polygons created 

using Orthomosaics created from BAS and Icebridge aerial photographs. Leonardo Icebridge 

2009 aerial photographs did not provide full coverage of the glacier and subsequently extent 

was calculated from 2009 Landsat 7 imagery. Similarly, 2016 Landsat 8/9 imagery was used 

to extrapolate the extent of Diplock 2016 discussed in section 5.4. Additionally, Leonardo’s 

1957 BAS Orthomosaics could not be successfully merged within photogrammetric software, 

due to insufficient overlap, and were instead overlaid to produce a base image for measuring 

extent.  

Over the period measured both glaciers changed in size as outlined in Table 10, with Diplock 

loosing 10,250.51 m2 of surface area, at a rate of -174.25 m2 p.a. (per annum), and Leonardo 

loosing 2,943.32 m2 at a rate of -56.60 m2 p.a.. Additionally, both glaciers experienced 

thinning, as previously discussed, with Leonardo experiencing the greatest rate of thinning, -

31.12 m p.a., and Diplock, -5.93 m p.a. outlines in Table 14.  

Table 10. Glacier extent of Leonardo and Diplock outlined in Figure 21 and 22. 

 

 

 

 

 Leonardo Diplock 

1957 extent 27,961.51 m2 41,989.31 m2 

2009/2016 extent  25,018.19 m2 31,708.80 m2 

Difference  -2,943.32 m2 -10,280.51 m2 
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Figure 21. Change in Leonardo area extent from 1957-2009 overlying 1957 BAS 

orthomosaic.  

 

 

Figure 22. Change in Diplock area extent from 1957-2016 overlying 1957 BAS orthomosaic 

and OpenStreetMap Basemap.  
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The combination of shrinking and thinning results in a change in glacier shape and slope 

profile, with Leonardo’s average slope levelling as it thins at the head, and Diplock 

steepening as it thins at the terminus (Figure 17 and 20). The slope percentage for each DEM 

is outlined in the table below and was calculated as the change in altitude over distance, from 

head to terminus (USGS 2023). 

Table 11. Slope profile of Leonardo and Diplock centre lines.  

 

4.3 Summary  

Whilst Leonardo and Diplock have opposing aspects and are of a similar size, they are 

located at slightly different latitudes and vary in their shape and characteristics. This is a 

limitation when comparing their response over time as the characteristics of a glacier 

contribute greatly to their behaviour as will be discussed in the following section. Overall, 

these results show that both Leonardo and Diplock lost significant mass during the observed 

period, with westward facing Leonardo thinning significantly more than eastward facing 

Diplock as expected. This indicates there is a relationship between mass loss and aspect, the 

significance of which is discussed in section 5.3. The accuracy and precision of each DEM is 

summarised in Table 12, whereby MAE is used to measure accuracy, RMSE vertical 

accuracy, and SD precision (Papworth 2014).   

 

Table 12. Summary of the accuracy and precision of DEMs created from both 

BAS archived film photographs and Icebridge aerial photography.  

 

 

 
Leonardo Diplock 

1957 2009 1957 2016 

Change in Altitude 500.02 m -195.63 m 1167.13 m 1458.11 m 

Distance 7483.45 m 16480.23 m 

Slope Percentage  6.68% -2.61% 7.08% 8.85% 

 Leonardo Diplock 

1957 2009 1957 2016 

Root Mean Squared Error (RMSE) 5.13 m  6.98 m  7.50 m  7.54 m  

Mean Absolute Error (MAE) 5.65 m 7.79 m 7.02 m 7.78 m 

Standard Deviation Absolute Error (SD) 2.37 m 3.49 m 2.66 m 1.98 m 
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Table 13. Summary similarities and differences in observed changes. 

Observed changes Similarities Differences 

Elevation 

Leonardo: 1618.82m of 

elevation lost between 1957-

2009. 

Diplock: 349.59m of 

elevation lost between 1957-

2016. 

 

Leonardo: Greatest loss at glacier 

head and slight gain along the 

tongue. Unknown value for 

terminus. 

Diplock: Greatest loss at glacier 

terminus and slight gain at the 

glacier head. 

Shape and size  

Leonardo: Lost 2,943.32 m2 

of surface area at a rate of      

-56.60 m2 p.a. 

Diplock: Lost 10,250.51 m2 

of surface area, at a rate of     

-174.25 m2 p.a. 

Leonardo: Thinning and shrinking 

led to decrease in average slope 

angle but increase in slope variation.  

Diplock: Thinning at the terminus 

led to an increase in average slope 

angle. 

 

 

 

5.0 Discussion 

As summarised in Table 13, both Leonardo and Diplock lost mass over the period measured 

with Leonardo thinning fastest, at a rate of -31.12 m p.a., and Diplock shrinking fastest, -

174.25 m2 p.a. With measurements of Antarctic Peninsula glaciers dating back to the 1940s, 

general trends for the region show that 90% of marine-terminating glaciers have lost mass, 

with differences observed on the east and west coasts of the Peninsula (Davies et al. 2012; 

Cook 2014). The following section will discuss the changes outlined in Table 13, compared 

to those observed regionally, whilst focusing on the significance of aspect regarding observed 

changes. 

 

5.1 Observed Changes in Leonardo and Diplock 

Thinning and shrinking of marine terminating glaciers is associated with dynamic instability 

(Meier et al. 2007). Whilst both glaciers thinned over the period monitored, Leonardo lost 

significantly more than Diplock, approximately 29.4% of its elevation. Leonardo is the 
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smaller of the two glaciers with an extent of approximately 25km2, composed of multiple 

valley glaciers which flow into a single westward facing basin (Rau et al. 2005). 

Additionally, Leonardo has a cascading longitudinal profile, which varies in percent of slope 

(Rau et al. 2005). Huber et al. (2017) found that mean thickness varied with area and slope, 

with steeper, smaller glaciers, being thinner. Whilst the percent of slope following 

Leonardo’s centre line is less than that of Diplock, Figure 17 shows how the glacier surface 

does not flow gently down slope but rather rises as it flows down the tongue. In addition, 

Leonardo’s tongue did not change much in elevation, and is classified as stationary by 

GLIMS (Table 7). This could be because the glacier tongue is surrounded by steep rocky 

outcrops whereby accumulation may occur, or as the result of narrowing at the tongue, 

forcing the ice to occupy more space vertically, or the result of bumps in the bed topography, 

characteristic of cascading longitudinal profiles (Rau et al. 2005). The lack of thinning along 

the tongue compared to that at the head is most likely the result of a combination of all three, 

which would also allude to the observed thinning at the head, being steep and relatively small 

in area, this in addition to Leonardo’s westward slope profile discussed in section 5.3 (Huber 

et al. 2017). 

 

Table 14. Rate of change in elevation, thinning, per year for Leonardo and 

Diplock as shown in section 4.1 and 4.2. 

 

 

 

Leonardo and Diplock are both classified as outlet, or marine-terminating glaciers, by 

GLIMS, with Diplock previously being a tributary glacier feeding into the Prince Gustav Ice 

shelf prior to its collapse in 1995 (Rau et al. 2005; Davies 2020b). Glasser et al. (2011) 

observed the collapse of the Prince Gustav Ice Shelf before and after, in addition to the rapid 

shrinking and thinning of tributary glaciers that subsequently followed (Glasser et al. 2011). 

Diplock lost 3.1% of its elevation over the observed period, significantly less than Leonardo. 

However, both glaciers lost similar volumes of mass as outlined in Table 15, with Diplock 

loosing mass at the terminus via thinning at a rate of -5.93 m p.a., and surface area at a rate of 

-174.25 m2 p.a. (Table 14). Furthermore, Diplock has an even, longitudinal profile, which has 

steepened because of thinning at the terminus (Figure 20) (Rau et al. 2005). Pastik et al. 

(2021) observed longitudinal slope on marine terminating glaciers to be the connecting factor 

Rate of change per year Leonardo Diplock 

Thinning -31.12 m -5.93 m 

Shrinking -56.60 m2 -174.25 m2 
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between front position and glacier thickness, with steeper slopes resulting in greater mass loss 

and frontal retreat as observed in Figures 19 and 20 (Huber et al. 2017). This is because Ice-

shelves act as buffers by reducing stress and restricting the rate of flow from its tributary 

glaciers (Hulbe et al. 2008). The collapse of ice shelves causes the destabilisation of tributary 

glaciers, with glaciers feeding the Larsen A and Prince Gustav ice shelves, experiencing 

accelerated mass loss in the years following their collapse (Rott et al. 2002; Hulbe et al. 

2008).   

Table 15. Estimated volume and change in volume, calculated from distance and 

the mean elevation of the glacier centre line, Figure 17 and 20, multiplied by 

polygonised extent shown in Figures 21 & 22. 

 

 

 

 

 

5.2 Observed Changes on the Antarctic Peninsula 

As discussed in section 5.1, the observed differences in Leonardo and Diplock’s elevation 

over the period measured are not unique to them, but rather well documented spatial 

variations observed along the east and west coasts of the Antarctic Peninsula. Figure 7 shows 

the accelerating rate at which mass is being lost in Antarctic, with interannual fluctuations on 

the Peninsula, found to be correlated to oscillations in annual Positive Degree-Days (Pudelko 

et al. 2018). Thus, whilst mass loss on the Antarctic Peninsula is unanimous, locally, and 

interglacially, huge variations in response exist (Pudelko et al. 2018). 

Previous work by Cook 2014; and Huber et al. 2017, shown in figure 23, produced a 

hypsometric curve of glaciers on the Antarctic Peninsula, used to show the distribution of 

elevations across the Peninsula using data from the GLIMS World Glacier Inventory (WGI) 

(Figure 25). Huber et al. (2017) state that the bimodal shape of the curve is the result of the 

unique topography of the Antarctic Peninsula, whereby the central ridge divides the 

Peninsula into east and west facing slopes. Most of which are valley glaciers, with large 

altitudinal ranges (Huber et al. 2017). Subsequently, the elevation of marine-terminating and 

tributary glaciers reflects the topography of the Peninsula. Glaciers on the west coast are 

Volume Leonardo Diplock 

1957 0.02565 km3 0.03384 km3 

2009/2016 0.01620 km3 0.02476 km3 

Difference 0.00945 km3 0.00908 km3 
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limited by their surrounding topography which is characterised by steep increases in elevation 

towards the ridge, steep ice-free slope, and rocky outcrops (Benn and Evans 1998; Huber et 

al. 2017). Conversely, east coast glaciers are subject to gentler topography, resulting in vast 

expanses of low-lying tributary and marine-terminating glaciers (Huber et al. 2017). As stated 

by Huber et al. (2017), 63% of the Peninsula drained by marine-terminating glaciers, and 

35% by tributary glaciers. As shown in Figure 23a, the greatest glaciated area is only a few 

hundred meters above mean sea level, with median elevation increasing towards the interior 

ridge (Huber et al. 2017). As a result, most glaciated areas are only a few hundred meters 

relative to mean sea level, which means even a slight rise in the ELA will result in a huge loss 

of mass (Huber et al. 2017).  

Figure 23. Glacier hypsometry of the total area on Antarctic Peninsula covered by Cook et 

al. (2012) DEM using classifications from GLIMS. (a) Total area distribution. (b) 

Distribution of glacier area on Antarctic Peninsula per sector, Northwest (NW), Northeast 

(NE), Southwest (SW), and Southeast (SE) (Cook et al. 2012; Huber et al. 2017). 

Figure 23b, shows the distribution of glacial coverage per sector with NE and NW glaciers 

covering much smaller areas compared to those in the SW and SE sectors (Huber et al. 2017). 

Whilst this distribution can be mostly attributed to the topography of the Peninsula, glaciers 

on the Northern Antarctic Peninsula have been observed to be particularly vulnerable to 

climate change. Davies et al. (2012) observed Northern Antarctic peninsula glaciers from 

1988-2001 and found east coast glaciers to be shrinking at a rate of -0.35% p.a., comparable 
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to the rate shrinking observed for Diplock, -0.41% p.a. from 1957-2016. Conversely, Davies 

et al. (2012) observed reduced shrinking on the west Northern Antarctic Peninsula, at a rate       

-0.20% p.a., consistent with the rate of shrinking measured for Leonardo, -0.20% p.a. from 

1957-2009. Furthermore, Davies et al (2012), observed a greater reduction in thickness on the 

west coast, which highlights the relationship between mass loss and topography. Scambos et 

al. (2014) attribute the observed variations in mass balance on the east and west coasts of the 

Antarctic Peninsula to be the result of a combination of the following changes: Inland retreat 

along western coastal fjords, ice shelf loss along the eastern coast, widespread and 

accelerating inland retreat along the eastern coast, and an increase in snow accumulation 

along the western coast. Each of which will be discussed in the following paragraphs.   

Inland retreat observed along the Western Antarctic Peninsula is partly attributed to extensive 

fjords which have varying responses to climate change (Grange and Smith 2013). As 

previously discussed, the peninsula is divided in two by the ridge of the Transantarctic 

mountains, which also extend across the continent, dividing East and West Antarctica (Hale 

2014). Most glaciers on the Antarctic Peninsula are valley glaciers, which are strongly 

influenced by bedrock lithology and structure (Benn and Evans 1998; Huber et al. 2017). The 

Western Antarctic Peninsula is composed of 674 fjord glaciers, of which 216 are losing mass 

(Pineda-Metz 2021). Lundergaard et al. (2018) investigated Andvord Bay, a fjord located 

15km south of Leonardo, and observed its tidewater glaciers to remain stable despite 

persistent warm ocean temperatures (Cook 2014). Additionally, most of the mass loss in 

Andvord Bay was lost via carving, much like Leonardo, outlined in Table 7 (Rau et al. 2005; 

Lundergaard et al. 2018). Due to the varying topography along the west coast resulting from 

fjords and low-lying valley glacier systems, Davies et al. (2012) found marine-terminating 

glaciers to be shrinking at varying rates, which they propose is likely the result of carving 

processes. Leonardo’s terminus shows little change over the period measured (Figure 21) but 

thinned significantly at the glacier head, likely due to aspect and slope angle resulting in 

increased exposure to solar radiation. Thus, whilst the position of the terminus remained 

stable, significant mass was lost during the period, potentially via increased carving (Mohodt 

et al. 2017). Furthermore, with rising ocean temperatures, marine-terminated glaciers are 

expected to continue losing mass, with fjords vulnerable to meltwater and sediment inputs, 

which could lead to the destabilisation of their glaciers (Grange and Smith 2013; Huber et al. 

2017). Cook (2014) concludes that persistent warm ocean temperatures are the primary cause 

of mass loss on the west coast. However, the complexity of ice-ocean interactions is beyond 
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the scope of this project but is recognised to be responsible for increased carving on the 

Western Peninsula. However, the role of aspect on localised changes, such as those observed 

at Leonardo’s glacier head, is significant and discussed in greater detail in section 5.3. 

The thinning and retreat of ice shelves is well documented and known to cause the 

destabilisation of tributary glaciers, resulting in accelerated mass loss (Seehaus 2021). 

Seehaus (2021) argues this is the main driver of the observed increase in mass loss from the 

Antarctic Peninsula from 1997-2017, whereby an additional 26±16 Gt p.a. was lost. Glaciers 

along the Eastern Antarctic Peninsula have changed considerably over the past decades 

following the collapse of several ice shelves since 1995 (Seehaus 2021). Davies et al. (2012) 

investigated glaciers on the Trinity Peninsula, at the northernmost tip of the Antarctic 

Peninsula, and observed the fastest shrinking glaciers to be ice-shelf tributary glaciers, such 

as Diplock. Conversely, the observed retreat of tributary glaciers on the Western Peninsula is 

contrasting to that of the East. Rignot and Thomas (2002) observed, no ice-flow changes after 

the collapse of the Wordie Ice Shelf in Western Palmer Land. Whereas retreat in the 4 years 

following the collapse of the Larsen Ice Shelf was threefold that observed following the loss 

of the Wordie Ice Shelf (Rignot and Thomas 2002). Seehaus et al. (2018) observed a loss of 

238.81 km2 of glacier extent between 1985-2015, of which 208.59 km2 is attributed to ice 

shelf disintegration, the majority of which was lost along the east coast. However, east coast 

glaciers feeding the former Prince Gustav Ice Shelf, receded by only 21.07 km2 from 1985–

2015, and decelerated 58% on average from 1992–2014 (Seehaus et al. 2018). This highlights 

the large uncertainties surrounding the future contribution of east coast tributary glaciers to 

total mass loss on the Peninsula due to the variation in observed rates of retreat. Furthermore, 

the rate of change shown in table 14 is averaged over 59 years and therefore is not 

representative of the variance in rate of change following ice shelf collapse. In addition to ice 

shelf collapse on the east coast, non-ice shelf tributary glaciers also show considerable loss of 

mass despite eastern aspects receiving less solar radiation (West and Howard 2019; Seehaus 

2021). Thus, more analysis is necessary to infer correlations between aspect and mass loss on 

the Eastern Peninsula (Seehaus 2021).  

In addition to ice-ocean interactions, Scambos et al. (2014), attribute the Western Peninsulas 

marine-terminating glaciers reduced contribution to total mass loss to be because of an 

increase in snowfall. Ice core records from 1801-2010 show an increase in precipitation 

during the 20th century, with snowfall on the west coast equivalent to >3000mmw.e. p.a. (mm 

water equivalent), and <500mmw.e. p.a. on the east (Thomas et al. 2017). Broeke et al. 
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(2006) and Davies et al. (2012), attribute greater accumulation on the West Peninsula to 

result from steep topography, with ice free slopes, and rocky outcrops, acting as sources of 

snow and ice via avalanches and snow drift (Benn and Evans 1998). Additionally, the rapid 

increase in elevation towards the ridge on the Western Peninsula, results in a rapid decrease 

in temperature with distance, and subsequently greater accumulation (Turner et al. 2005). 

Whilst topography plays a key role in the accumulation gradient from West-East, Thomas et 

al. (2017) discusses the role of surface moisture, with greatest changes in accumulation found 

in ice cores obtained from the South-West Peninsula. The core revealed a doubling of 

accumulation since the 1850s, with acceleration in recent decades (Thomas et al. 2008). By 

comparing accumulation records with atmospheric circulation variability, Thomas et al. 

(2008) found a strong positive relationship between the Southern Annular Mode (SAM) and 

mass balance. As defined by the Bureau of Meteorology (2023), SAM refers to the north-

south migration of strong westly winds in the mid- to high-latitudes of the southern 

hemisphere, resulting from changes in air pressure on a timescale of 10s to 100s of years’ 

(Davies 2023). Turner et al. (2005) also attributes observed inter-decadal changes in 

temperature, pressure, and wind speed, to SAM. During a SAM negative phase, the Peninsula 

cools and there is greater accumulation, and during a positive phase, temperature increases, 

and greater mass is lost (Davies 2023). Subsequently, SAM has a big influence on 

precipitation patterns on the Antarctic Peninsula, which is observed to be stronger on the 

Western Peninsula (Thomas et al. 2017; Turner et al. 2020). SAM is currently in a positive 

phase, furthermore, this phase is predicted to continue due to increased greenhouse gas 

emissions, as the system is closely linked to the upwelling of Circumpolar deep water and 

subsequent CO2 degassing (Davies 2023). Thus, SAM is predicted to remain in a positive 

phase for some time, driving continued mass loss on the Western Peninsula despite increased 

accumulation. 

To summarise, this section discussed the observed changes in mass on the east and west 

coasts of the Antarctic Peninsula compared to those observed for Leonardo and Diplock. 

Additionally, the behaviour of various tributary and marine-terminating glaciers was 

examined to provide insight into the complexity of glacial behaviour. The significance of 

which aspect plays on the change in glacial thickness is discussed in the following section.  
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5.3 The Significance of Aspect  

As shown in Figure 24, >25% of glaciers on the Antarctic Peninsula as identified by the WGI 

are westward facing, compared to <10% eastward facing (Cook 2014). In addition, Figure 25, 

shows the distribution of glaciers on the Antarctic Peninsula as identified by the GLIMS 

WGI. As highlighted by Cook (2014), there are less marine-terminating glaciers on the east 

coast of the peninsula than on the west, with substantially more tributary glaciers due to the 

low-lying topography (Huber et al. 2017). In addition, Huber et al. (2017) investigates the 

relationship between mean elevation and mean aspect on the Antarctic Peninsula and found 

no significant regional trends (Cook 2014). However, the role of aspect locally has yet to be 

investigated thoroughly but is predicted to be more significant locally than regionally, 

especially when investigating complex glacier systems such as those on the Antarctic 

Peninsula (Benn and Evans 1998; Cook 2014; Geçen et al. 2018).  

Figure 24.  The percentage of all marine-terminating glaciers identified by the WGI on the 

Antarctic Peninsula (Figure 25) within each aspect sector, where the aspect value for each 

glacier is the mean value for the whole basin (Cook 2014). Obtained from Cook (2014).  

 

Due to the axis and orbit of the earth, the Northern hemisphere receives more solar radiation, 

also known as insolation, with highest insolation received at the equator (Earth Observatory 

2009). As a result, glaciers are more extensive at extreme latitudes as shown in Figure 1, due 

to the low solar angle, resulting in less insolation per m2
 (Figure 26) (Benn and Evans 1998). 

The Antarctic zone (60°-75°S) has very large seasonal variations in solar radiation, resulting 
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in winter accumulation and summer ablation (Geography 2023). Zeng et al. (2022) calculated 

the monthly average daily solar radiation value of the Antarctic Peninsula to be highest in the 

austral summer, December-February, at 12.58 MJ m-2, and lowest during austral winter, June-

August, 1.06 MJ m-2.   

Figure 25. The distribution of glaciers on the Antarctic Peninsula identified by GLIMS WGI 

obtained from the National Snow and Ice Data Centre (NSIDC), overlying Bing Virtual Earth 

Basemap with wider extent shown in the in-picture map, top left (NSIDC 2022).   

 

In the Southern Hemisphere south facing slopes receive less insolation than north facing 

slopes (West and Howard 2019; Kunaka 2020). As discussed previously, Davies et al. (2012), 

found glaciers on the Northern Antarctic Peninsula to be shrinking fastest which could be 

attributed to their aspect and latitude, as the amount of insolation increases towards the 

equator. The variation in insolation received by east and west aspects is more nuanced than 

north and south as it varies with time of day. West facing slopes receive the most insolation 

in the afternoon when temperatures are higher, and East facing slopes in the morning, when 

temperatures are lower (West and Howard 2019). This correlates with recorded mean annual 

temperatures for the region, with the Vernadsky meteorology station on the Western 

Peninsula measuring -2.9±1.1°C from 1981-2010, compared to -4.6±1.1°C recorded mean at 
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Esperanza on the Northeast coast (Turner et al. 2020). However, meteorology stations on the 

Western Peninsula experience some of the largest variability in annual mean temperature 

resulting from a variation in mean sea level pressure (Turner et al. 2020). The extent to which 

these effects the mean annual temperature is beyond the scope of this investigation but further 

highlights the complexity of the Antarctic Peninsula glacier system.   

Figure 26. The average daily solar radiation received at the top of the atmosphere at each 

latitude, where total energy received ranges from 0 MJ m-2 per day, shown in black, to 50 MJ 

m-2 per day, pale pink (Earth Observatory 2009).  Obtained from NASA’s Earth Observatory 

(2009). 

 

The slope and aspect of a surface determines the amount of insolation received, with surfaces 

angled towards the source of insolation receiving the most (Bennie et al. 2008). The results of 

this investigation indicate that westward facing slopes lose more mass via thinning and 

eastward slopes via shrinking. This is consistent with the literature, linking terminus retreat 

on the east coast with destabilisation following ice shelf collapse (Rott et al 2002; Hulbe et al; 

2008). Seehaus et al. (2018) attribute 208.56km2 of the 238.81km2 loss of glacier extent from 

1985-2015 to be from ice shelf disintegration (Seehaus et al. 2018). A possible explanation 

for the greater contribute of eastern glaciers to total mass loss is the role of topography, 

whereby low-lying areas are more vulnerable to mass loss as ELA rises, despite receiving 

less insolation (Huber et al. 2017; Seehaus et al. 2018). Additionally, the surrounding 

topography of Diplock offers little shade and thus is more exposed than Leonardo, which is 
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surrounded by steep, ice-free slopes (Figure 21). The increased exposure of Diplock also 

makes it vulnerable to loss of mass via snow drift as the prevailing wind direction is from 

east to west, dominated by the Polar Easterlies (Discovering Antarctica 2023). However, 

following the loss of low-lying ablation zones, mass loss of tributary glaciers has been 

observed to decelerate (Davies et al. 2012; Seehaus et al. 2018). Therefore, the contribution 

of mass loss from tributary glaciers to total loss across the Peninsula is expected to decline as 

glaciers steepen and reach a new equilibrium.  

As previously discussed, this investigation found westward facing Leonardo to lose the most 

mass via thinning, and less mass via shrinking, as was to be expected. Westward facing 

slopes receive most insolation in the afternoon when temperatures are highest and 

subsequently expected to lead to increased mass loss (West and Howard 2019; Turner et al. 

2020). Despite the loss of mass via thinning, the change in surface area was small and most 

likely due to the rigid topography which limits glaciers extent to their valley basins. 

Additionally, the varying slope angle of Leonardo indicates increased mass loss via carving 

whilst still maintaining terminus position, resulting in loss of elevation (Mohodt et al. 2017). 

However, mass may still be lost via sublimation, snow drift and surface melting. Leonardo 

thinned most at the head, which has a large surface area and less sheltered by ice free slopes 

and rocky outcrops resulting in increased exposure to insolation for a longer period 

throughout the day (Figure 16). Thinning at the glacier head may also be the result of 

compaction from seasonal surface melting and refreezing and has been found to contribute 

significantly to mass balance (Pelt et al. 2016). Pelt et al. (2016) attribute this to refreezing 

being substantially smaller than the amount of refreezing, as air trapped within glacier ice is 

lost during melt and thus refrozen meltwater is far denser. This coupled with the complex ice 

ocean interactions occurring at the terminus and persistent warm ocean temperatures provides 

an insight into the observed changes in mass of Leonardo from 1957-2009 (Cook 2014). 

However, more investigation is required to better understand the extent to which aspect and 

warm ocean temperatures contribute to the observed changes. 

The patterns and significance of circulatory systems that contribute to atmospheric and ocean 

temperature gradients are beyond the scope of this research. However, the uneven distribution 

of solar radiation, around the globe is a key contributor to these systems. Linacre and Geerts 

(1999), and Stanhill and Cohen (1997) observed a decrease in the annual solar  
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Figure 27. Two Decades of Temperature Change in Antarctica, 1981-2007 (Simmon 2007), 

obtained from NASA earth observatory. 

radiation reaching Antarctica, averaging -0.28 W m-2 per year from 1959-1988. The reason 

for this decline is unclear but is greater than can be attributed to errors in pyranometer 

measurements (Stanhill and Cohen 1997). One possible explanation proposed by Stanhill and 

Cohen (1997), is an increase in aerosol concentrations, with some stations reporting increased 

haziness, resulting in less solar radiation reaching the surface, as well as a reduction in 

longwave radiation loss, resulting in atmospheric warming (Linacre and Geerts 1999; Bai et 

al. 2022). The Antarctic Peninsula has reportedly experienced regional warming six times 

that of the global average over the last century (Vaughan et al. 2001). This warming has 

resulted in a 10-fold increase in glacier flow and rapid ice sheet retreat, facilitated by surface 

and bottom melting (Scambos et al. 2000; Shepherd et al. 2003; Rignot 2006). In their study 

of Antarctic climate change, Turner et al. (2005), found the Antarctic Peninsula to have 

experienced increased warming over the last 50 years, with average air temperatures in the 

northern peninsula rising by 2.5°C from 1950-2000. Temperatures recorded at the Faraday 
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station, located south of Leonardo on the west coast, increased at a rate of 0.56°C decade-1 

averaged over the year, and 1.09°C decade-1 during the winter, indicating additional inter-

annual fluctuations (Turner et al. 2005). Temperatures observed by Turner et al. (2005), are 

far higher than the global average of 0.6°C per century (Davies et al. 2012). Additionally, 

Antarctic peninsula glaciers have a higher potential contribution to global sea level, 54mm, 

compared to the glaciers of Alaska (45 mm), and Central Asia (10mm) (Huber et al. 2017). 

Further indicating the importance of investigating Antarctic Peninsula Glaciers.  

 

5.4 Limitations 

Limitations of this investigation are extensive, primarily due to the lack of high spatial 

resolution data available for the study area, incomplete camera calibration reports, and 

complications associated with utilising archived aerial film photography. 

Due to the incomplete coverage of Icebridge aerial photographs for both Leonardo and 

Diplock, the area extent was measured using part orthomosaics and part supplementary 

Landsat imagery, with a spatial resolution of 30m. Landsat 7 imagery obtained in 2009 was 

used to supplement the terminus of Leonardo, and Landsat 8/9 imagery obtained in 2016, to 

supplement the glacier tongue and head of Diplock. Furthermore, due to a lack of time and 

resources, elevation, and glacier extent were only measured at the start and end of the period. 

Subsequently variation in the rate of change throughout the period could not be measured. As 

a result, the rate of change per year outlined in Table 14, is averaged across the period, and 

not representative of the actual inter-annual, annual, or decadal variations in mass. In 

addition, the terminus of Diplock was partly missing from 1957 aerial photos, so to maintain 

consistency the same terminus extent was measured over both periods. Due to the extent of 

incomplete coverage by Icebridge aerial photographs of Diplock, a DEM was created using 

the available Icebridge imagery and then merged with Cop-30m DEM in GIS. Cop-DEM was 

chosen due its high-vertical accuracy.  Which, according to Copernicus (2017), has a vertical 

resolution of 1m and accuracy of 7m, in alignment with the accuracy observed by Ghannadi 

et al. (2023), discussed in section 1.2.2 and 3.3.  

Incomplete coverage of Icebridge airborne Lidar data resulted in it being necessary to use 

Cop-30m DEM to identify elevations of GCPs. The accuracy and precision of each DEM is 

outlined in Table 12, with the most accurate built using 1957 BAS aerial photographs of 

Leonardo (Figure 15). This is likely due to the additional GCPs used as reference in the 
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photogrammetric software. Due to unknown pixel sizes, fiducial coordinates, and multiple 

flight paths, reference data was relied upon to correctly align the photographs. However, 

despite the additional GCPs, once merged there was not enough overlap between different 

flight lines to generate a DEM or orthomosaic with complete coverage of Leonardo from the 

1957 BAS Aerial photographs. Additionally, a potential source of bias during the study is the 

influence of the data analyst on the observed error for each GCP. Furthermore, the accuracy 

and precision outlined in Table 12 does not consider the accuracy and precision of other 

products used for identifying GCPs. 

 

6.0 Conclusion  

The purpose of this investigation was to assess the significance of aspect on observed multi-

decadal changes in glacial thickness of marine-terminating glaciers on the Antarctic 

Peninsula. This is the first study of substantial duration which examines associations between 

aspect and glacial thickness at extreme latitudes. The findings clearly indicate a variation in 

glacial behaviour and morphology on the Antarctic Peninsula of those with eastward facing 

aspects compared to westward facing aspects. As expected, Leonardo thinned significantly 

more than Diplock over the period, despite regional mass balance measures attributing the 

increased negative regional mass balance to the retreat of tributary glaciers on the east coast. 

In addition to measuring change in elevation, this investigation highlights the change in 

glacier shape and discussed the relationship between slope profile and mass balance. These 

findings provide additional evidence for the deceleration of tributary glaciers in the years 

following ice shelf collapse and provide important insights into the potential future 

contribution of westward facing marine-terminating glaciers to regional mass balance. 

Despite previous work by Huber et al. (2017) finding no significant relationship between 

aspect and mean elevation regionally, there is a clear spatial variation in mass loss across the 

peninsula attributed to east and westward facing aspects. One of the strengths of this study is 

that it links observations with regional trends, thereby highlighting the usefulness of this 

work in understanding local and regional glacier dynamics. Furthermore, analysis of 

atmospheric and ocean temperatures indicates a strong relationship between change in glacier 

thickness on the west of the Peninsula and ocean temperature patterns (Cook 2014). This is 

the result of the complex interactions between ice, ocean, atmosphere, and local topography, 

which significantly contribute to glacier behaviour and are still not fully understood. 
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Therefore, whilst aspect plays an important role in glacial morphology, the relationship 

between glacial thickness and aspect is only significant when investigating individual 

glaciers. The application of this method for larger areas requires the consideration of a 

considerable larger number of variables and their interactions with each other. Additionally, 

the findings of this investigation have limited application for glaciers located at different 

latitudes due to the relationship between latitude and insolation. Thus, whilst these results are 

not applicable regionally, they provide insight into the complexity of glacial behaviour on the 

Antarctic Peninsula and highlight the potential usefulness of high resolution archived aerial 

photography in measuring multi-decadal changes in elevation. Furthermore, this investigation 

highlights the need for more high spatial resolution imagery to provide geographic references 

and support archived aerial photographs, thereby enabling more detailed analysis of glacial 

response to climate change over long periods.  

 

7.0 Recommendations 

More research is needed to develop a deeper understanding of the relationship between 

Aspect and Glacier thickness. Little work has been done on the role of aspect on glacier mass 

balance, with most studies spanning decades focusing on large areas, and assessing regional 

changes in elevation and mass balance, thus overlooking the nuances in glacier behaviour. 

Additionally, the push for global glacier monitoring favours satellite-based systems and thus 

despite the high accuracy and precision of airborne systems, there is a lack of available 

airborne data for glaciated regions such as the Antarctic Peninsula. This is primarily due to 

the increased cost and time needed to fly aircraft up and down the peninsula, but also limited 

by the inaccessible nature of many glaciated areas at extreme latitudes. The DEMs created as 

part of this investigation have varying accuracy and precision comparable to that of Cop-30m 

DEM, limited by availability of supporting datasets. To better understand the spatial 

distribution of elevation, change within each glacier extent was measured. This was used to 

quantify the change in shape, size, and slope profile over time, in addition to providing scope 

to measure change in volume. To conclude, aspect was found be significant locally for small 

areas, in addition to playing a role in regional changes in glacier thickness on the Antarctic 

peninsula. However, due to complexities discussed in the report, more work must be done to 

investigate the role of aspect on regional mass balance and highlights the need for high-

spatial resolution imagery and geographical reference data. In the future, it will be beneficial 
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to explore the use of unmanned aerial vehicles (UAVs) for collecting high spatial resolution 

imagery to monitor changes in glacial mass balance. Being unmanned, UAVs are a much 

more effective way of obtaining airborne datasets and overcome many of the limitations of 

using aircraft. Furthermore, by increasing the availability of high spatial resolution datasets of 

the Antarctic Peninsula, archived aerial photographs, as an underused resource, can be better 

utilised to produce long-term records of glacial mass balance. In turn this will enable 

researchers to determine the effectiveness of using archived aerial photographs to build 

DEMs as opposed to using existing DEM products. Future work would include monitoring 

multiple glaciers within a region, and potentially multiple regions, to determine the 

significance of aspect at a regional level to further enhance our understanding of glacier 

behaviour in response to climate change.  
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