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Abstract 
 
Though it is widely accepted that debris thickness is the main controlling factor on sub-
debris ablation rates on debris-covered glaciers, other factors, including albedo, exert 
considerable influence over downward net radiation fluxes. The aims of this study were 
to a) quantify spatial variations in albedo at the glacier- and local-scales; b) investigate 
the potential causes of any observed variations and their relative importance, and; c) 
quantify spectral albedos and patterns reflected radiation in the red, green and blue 
wavelengths. Fieldwork was conducted on Ghiacciaio del Belvedere, Italian Alps; a humid-
temperate glacier which possesses a continuous mantle of debris in its ablation zone. A 
terrestrial photography approach was employed, whereby repeat photographs 
(facilitating error quantification) of a reflectance standard, the glacier surface and sky 
ǿŜǊŜ ǘŀƪŜƴ ƴƻǊƳŀƭ ǘƻ ǘƘŜ ǎǳǊŦŀŎŜ ŀǘ сл ǎƛǘŜǎΦ Lƴ ŀŘŘƛǘƛƻƴΣ ŦƻǳǊ ΨƭƻŎŀƭ-ǎŎŀƭŜΩ ŜȄǇŜǊƛƳŜƴǘǎ 
were conducted and lithological samples acquired at key localities. 
 
Spatial distribution of albedo at the glacier-scale is highly variable and no immediate 
ǇŀǘǘŜǊƴǎ ŀǊŜ ŜǾƛŘŜƴǘ όʰ Ґ лΦмт-0.47, ̀  = 0.07). Locally, albedo ranges from 0.20 to 0.35, 
with low standard deviations (̀ = 0.04, 0.01, 0.02 and 0.02). Analysis of reflectance curves 
reveals that curve form (and thus integral) is affected by factors including illumination 
conditions and percentage shadow (the latter accounts for 8% of the observed variation 
in albedo). Mean clast size was also quantified, and was shown to account for 10% of 
albedo variation, leaving 82% attributable to additional factors, believed to include 
lithology and illumination conditions. Spectroscopic analysis of the data reveals that the 
least amount of radiation is reflected in the red wavelengths, and the most in the blue 
band. Areas highlighted as requiring further investigation include the quantification of the 
thermal conductivity of debris covers of varying albedo and thickness, the improvement 
of spatial resolution through the use of remote sensing, and the investigation of temporal 
variations in albedo.                              
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1.  Introduction 
 

Despite their relatively common occurrence, debris-covered glaciers have not been well 

studied. The expansion of supraglacial debris mantles on previously debris-free glaciers 

are ōŜŎƻƳƛƴƎ ƛƴŎǊŜŀǎƛƴƎƭȅ ǇǊƻƳƛƴŜƴǘ ŦŜŀǘǳǊŜǎ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ƎƭŀŎƛŜǊƛǎŜŘ ŜƴǾƛǊƻƴƳŜƴǘǎ ŀǎ 

a result of climatic warming (Deline, 2005; Mihalcea et al., 2006, 2008). This paucity of 

scientific knowledge stems mainly from their remoteness and inaccessibility, coupled with 

the logistical difficulties of investigating ablation rates beneath layers of supraglacial 

debris, which can in some instances be metres thick. Calculation of sub-debris ablation 

rates are central to heat budget and mass balance calculations, and for estimating water 

runoff; a matter of the highest priority in regions where local communities rely on glacial 

meltwater from debris-covered glaciers for their livelihood, such as the Himalaya and 

Peruvian Andes (e.g. Racoviteanu et al., 2008).  

 

Glaciers possessing a continuous mantle of debris covering the lower part of, or indeed 

the entire ablation zone are common in many high-relief mountain environments, 

including the Nepal (e.g. Benn et al., 2001; Hambrey et al., 2008), Bhutan (e.g. Mool et al., 

2001) and Karakoram Himalaya (e.g. Mayer et al., 2006; Mihalcea et al., 2008), the 

Southern Alps of New Zealand (e.g. Kirkbride, 1995; Fitzharris et al., 1999; Kirkbride and 

Warren, 1999; Warren and Kirkbride, 2003), the European Alps (e.g. Diolaiuti et al., 2003; 

Mihalcea et al., 2008) and the Peruvian Andes (e.g. Hubbard et al., 2005).  Supraglacial 

debris is either entrained in the accumulation zone as a result of mass wasting and is 

buried or falls down crevasses, subsequently re-emerging in the ablation zone as the ice 

ablates (Benn and Evans, 1998; Evans, 2004). Alternatively, debris mantles are produced 

as englacial debris elevated from the bed along shear planes melts out. Where the 

volume and frequency of debris delivered by rock avalanches is significant enough, a 

continuous mantle of debris may be present along the entire length of the glacier. 

Supraglacial debris mantles typically exhibit great significant spatial variability in 

thickness, lithology and grain size, reflecting the distribution of debris sources, differing 

transport pathways and patterns of reworking (Benn and Evans, 1998). 

 



Supraglacial debris cover profoundly influences the ablation rate of the ice beneath it. 

Glacier mass balance is altered as the debris insulates the underlying ice, reducing 

ablation and eventually causing stagnation of the glacier tongue once a critical debris 

thickness has been reached (Nakawo and Rana, 1999). Following stagnation, the ponding 

of water on the glacier surface and subsequent coalescence that occurs with pond 

expansion may result in the formation of extensive supraglacial lakes (e.g. Reynolds, 

2000; Benn et al., 2001). Where these lakes are ice- or moraine-dammed, breaching may 

trigger a glacial lake outburst flood (GLOF). These can have catastrophic consequences for 

downstream communities (see reviews in Yamada and Sharma, 1993; Clague and Evans, 

2000; Richardson and Reynolds, 2000; and Quincey et al., 2005).  In the face of global 

climate change the potential for debris-covered glacier stagnation and the development 

of these hazards is only anticipated to increase. 

 

The surplus or deficit of energy over time at the glacier surface is termed the energy 

balance and is the main control governing ablation rates (Paterson, 1994). Its main 

components are: solar radiation (short-wave), long-wave radiation, sensible heat from the 

atmosphere, and latent heat transferred during phase changes (i.e. melting, freezing, 

condensation, evaporation and sublimation). On debris-free glaciers several field studies 

(e.g. Greuell et al., 1997; Strasser et al., 2004) have confirmed that direct radiation is the 

principle energy source for glacier melt, with almost all absorbed energy by net radiation 

and sensible heat flux being used directly for ice melting, in part due to the comparably 

low albedo of bare glacier ice (Van der Veen, 1999). However, the main energy source for 

ice melt is the conductive heat flux through a warmed debris layer (Takeuchi et al., 2000), 

which decreases with increasing debris thickness. 

 

Though numerous authors have investigated the impacts of a supraglacial debris mantles 

on the mass- and surface energy balances of debris-covered glaciers, the focus has 

predominantly been on the significance of debris thickness in retarding ablation rates. It 

has been long established that thin covers of sediment (up to 5-10 mm) will promote 

melting, owing to high thermal conductivity and thus high relative heat transfer efficiency 

to the underlying ice, whereas debris concentrations exceeding ~10 mm have an 

insulating effect and retard ablation rates (Østrem, 1959; Nakawo and Young, 1981, 1982; 



Mattson and Gardner, 1989; Mattson et al., 1993). Ablation beneath thicknesses greater 

than 1 m tends to be negligible, and in some cases vegetation may colonise the glacier 

surface, indicating inactivity and stagnation (Benn and Evans, 1998). Thick debris mantles 

will serve to decouple glacier response to climatic forcing. Consequently, episodes of 

negative mass balance and ice wastage may lag climatic events or trends by decades 

(Benn and Owen, 2002). 

 

Ultimately, debris thickness is the main variable determining mean sub-debris ablation 

rates (Kayastha et al., 2000), however, the critical thickness at which ablation is the same 

as for clean ice is governed by the optical and thermal properties of the debris, as well as 

meteorological conditions (Nakawo and Takahashi, 1982; Conway et al., 1996). Albedo 

and the optical properties of supraglacial debris have not been studied in any great level 

of detail despite the central role they play in determining the surface energy balance. In 

light of this, a study was conceived to quantify albedo and the spectral properties of a 

supraglacial debris layer on an Alpine debris-covered glacier and their spatial variability 

using a novel in situ terrestrial photography approach. 



2.  Literature review 
 
2.1  Introduction 
 
This chapter provides an overview and discussion of studies relating to the surface energy 

balance of debris-covered glaciers, the factors that determine sub-debris ablation rates 

and the various field and modelling approaches adopted to quantify these. Firstly, the 

surface energy balance and concept of albedo are introduced, followed by a review of 

studies relating to the influence of debris thickness. The significance of debris albedo is 

then discussed. Finally, practical approaches to measuring albedo are considered. 

 
2.2  The surface energy balance 
  
¢ƘŜ ǎǳƴ ƛǎ ǘƘŜ ǳƭǘƛƳŀǘŜ ǎƻǳǊŎŜ ƻŦ ŀƭƭ ƘŜŀǘ ǊŜŎŜƛǾŜŘ ŀǘ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜΦ hƴ ƭƻǿ- and mid-

latitude glaciers, solar radiation provides the primary source of energy for the melting of 

snow and ice (de la Casinière, 1974), reaching the lower atmosphere in the short-wave 

lengths (c. 0.2 and 0.4 µm) and peaking in the visible part of the spectrum (0.4 ς 0.7 µm) 

(Barry and Chorley, 2004). The solar constant or amount of energy falling at normal 

ƛƴŎƛŘŜƴŎŜ ǇŜǊ ǳƴƛǘ ŀǊŜŀ ŀƴŘ ǇŜǊ ǳƴƛǘ ǘƛƳŜ ƻǳǘǎƛŘŜ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜ ŀǘ ǘƘŜ 9ŀǊǘƘΩǎ ƳŜŀƴ 

distance from the sun is 1395.167 W m-2 (van der Veen, 1999; Peixoto and Oort, 1992). 

This radiation reaches the surface either directly or as diffuse radiation scattered through 

the atmosphere by clouds, water vapour and ozone (the latter process dominates on days 

with significant cloud cover). A percentage of the incoming short-wave radiation is 

reflected from the surface, whilst the remainder provides energy for heating and phase 

changes. Conversely, virtually all long-wave radiation is absorbed as the earth acts as a 

black body in the infra-red part of the spectrum (Paterson, 1994).  

 
The percentage of radiation that is reflected is termed the albedo and is a key component 

of the surface energy balance. The precise amount of radiation reflected depends 

primarily on the nature of the surface. Albedo is a unitless measurement of the amount of 

reflected short-wave radiation between 0.4 and 3.0 µm. This reflective radiation controls 

Ƴƻǎǘ ƻŦ ǘƘŜ ŜƴŜǊƎȅ ǘǊŀƴǎŦŜǊ ŀǘ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜΣ ƛƴŎƭǳŘƛƴƎ ŜȄŎƘŀƴƎŜǎ ƻŦ ƘŜŀǘ ŀƴŘ 

moisture (Arya, 2001). Radiation beyond 3.0 µm is mostly emitted long-wave (or 

terrestrial) radiation. A range of albedos are presented in Table 2.1.  In glacial 



Table 2.1. Albedos for a range of snow and ice surfaces (source: 
Paterson, 1994). 

environments, albedos are typically highest for fresh snow surfaces (80-97% reflected) 

and lowest for debris-covered ice (10-15% reflected) (Paterson, 1994). Accordingly, less 

energy is available for ablation on surfaces which possess high albedos. Ablation rates on 

clean, mid- to high-latitude glaciers accelerate during the ablation season as winter snow 

melts and reveal bare ice surfaces with lower albedos (Benn and Evans, 1998). For snow, 

firn and ice surfaces, albedo is a function of grain size and density, time (i.e. new to old 

snow, time of day) and also varies depending on whether incoming radiation is direct or 

diffuse (van der Veen, 1999; Dumont et al., 2009). In addition, the aspect of a surface 

relative to the position of the Sun is important; incoming radiation receipts are highest 

when the Sun is positioned normal (i.e. at 90°) to the surface, and vice versa when the 

angle is low. 

 
A number of parameterizations for albedo, mostly developed for debris-free glaciers, 

have been proposed. In a study focused predominantly on Alpine glaciers, Greuell and 

Oerlemans (1986) link albedo to the surface density, the rate of surface melting, 

cloudiness and solar zenith angle. Greuell and Oerlemans (1989) proposed a similar, 

though simpler, formula for calculating albedo on polar ice caps: 

 
                                                                 sh Ґ ʰo + 0.06n,                                                      (Eq. 2.1) 
 
ǿƘŜǊŜ ʰs Ґ лΦу ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ǎǳǊŦŀŎŜ ƳŜƭǘǿŀǘŜǊΣ ŀƴŘ ʰo = 0.54 if meltwater is present. 

Albedo is modelled as a function of snow density at the surface and cloud amount in 

DǊŜǳŜƭƭ ŀƴŘ YƻƴȊŜƭƳŀƴƴΩǎ όмффпύ ǎǘǳŘȅ ƻŦ ǘƘŜ DǊŜŜƴƭŀƴŘ LŎŜ Sheet. Parameterizations of 

ŀƭōŜŘƻ ǾŀǊƛŀǘƛƻƴǎ ƛƴ ƴǳƳŜǊƛŎŀƭ ŜƴŜǊƎȅ ōŀƭŀƴŎŜ ƳƻŘŜƭǎ ǘȅǇƛŎŀƭƭȅ ǳǎŜ ΨǇǊƻȄȅΩ ǾŀǊƛŀōƭŜǎΣ ǎǳŎƘ 



Fig. 2.1. Examples of empirical measurements of the relationship between debris thickness (cm) and 
mean daily ablation (cm d

-1
) (from Nicholson and Benn, 2006; after Mattson et al., 1993). Sites are: 

Rakhiot Glacier, Punjab, Himalaya; Barpu glacier, Karakoram Himalaya, Pakistan; Kaskawalsh 
Glacier, Yukon, Canada; and Isfjallsglaciaren, Sweden. Note: (a) thickness beneath which maximum 
melt occur, and (b) thickness at which melt becomes inhibited compared to that of clean ice on 
Isfjallsglaciaren. 

as time and accumulated daily air temperature (as well as other meteorological 

variables), in order to account for factors which physically alter the reflectance properties 

of glacier surface materials (e.g. snow metamorphism on debris-free glaciers, or 

precipitation on those with a supraglacial debris mantle) (Brock et al., 2000).  On debris-

free glaciers albedo typically increases with distance upglacier as a result of the increasing 

persistence of fresh snow and the accumulation of light absorbing dust and rock debris 

(e.g. Oerlemans, 1993; Brock, 2004). Clearly, such relatively simple relationships cannot 

be applied to debris-covered glaciers, except during winter months when snow covers the 

glacier surface (though the presence of both snow cover and an underlying supraglacial 

debris mantle would serve to complicate the estimation of ice ablation significantly). 

 
Variations in cloud cover and solar zenith angle significantly affect albedo over short 

timescales (Brock et al., 2004). However, albedo parameterizations in numerical melt 

models do not typically take this into account (e.g. Oerlemans, 1993; Arnold et al., 1996), 

the exception being the model of Greuell and Oerlemans (1986). Brock et al. (2004) found 



that most of the short-term (<1 day) variability in ice albedo is caused by illumination 

conditions, with cloud cover being the key factor. Solar zenith angle variations (in the 

range 25° to 75°) are reported to be of minor importance, but likely as a result of the 

cloudy conditions during measurement.  Variations in cloud cover are quantified as the 

ratio of measured incoming short-wave radiation flux to the theoretical direct-beam 

short-wave radiation flux. Relationships explained 83% and 87-90% of short-term albedo 

variation of snow and ice surface respectively and may be incorporated into numerical 

energy balance melt models relatively simply. Amongst other causes of albedo variation 

was the removal of fine debris by runoff from intense rainfall, leading to a decrease in 

local albedo (Brock et al., 2004). 

 
2.3  Supraglacial debris 
 
Whereas all unreflected net radiation on bare ice surfaces is available for melting, the 

presence of debris cover somewhat complicates the process of energy transfer. The 

thermal conductivity (or thermal resistance) and albedo are the main physical 

characteristics of a debris layer that dictate rates of heat conduction to the ice-debris 

interface (Kayastha et al., 2000). Mentioned previously, a thin covering of sediment will 

promote melting owing to high thermal conductivity and comparatively low albedo. 

Conversely, ablation is retarded once the debris concentration exceeds 5-10 mm (Østrem, 

1959; Nakawo and Young, 1981). Because of these counter effects, ablation is accelerated 

when debris thickness is small, and increasingly suppressed with debris layer thickening 

as insulation overcomes the albedo effect (Nakawo and Rana, 1999). 

 
Empirical relationships between supraglacial debris thickness and ice-melt rates were first 

established by Østrem (1959), who found that under thin debris covers (<2 cm) ablation 

rates are higher than for clean ice, and that ablation rates progressively decline under 

increasing debris thickness. This pattern has been confirmed by numerous subsequent 

studies (e.g. Loomis, 1970; Fujii, 1977; Mattson et al., 1993; Mattson, 2000). Relationships 

such as those shown in Fig. 2.1 have been used as the basis for empirical models 

developed to predict ablation beneath debris cover (e.g. Konovalov, 2000), and also to 

derive positive degree-day factors for debris of varying thickness (e.g. Kayastha et al., 

2000; Takeuchi et al., 2000). Drewry (1972) measured melt rates of clean and debris-



covered ice and calculated the heat flow through both material types. At one 

experimental site, Drewry calculated a thermal conductivity of 0.56 W m-1 K-1 for the 

debris cover, which is far lower than a typical value of 2.10 W m-1 K-1 for the conductivity 

of ice at the melting point (Drewry, 1972, 1986). In a similar study, Pelto (2000) measured 

ablation beneath adjacent clean and debris-covered areas of Lyman and Columbia 

glaciers, North Cascades, Washington. Debris cover on Columbia Glacier is complete and 

is a relatively fine-grained clay-sand mixture, whereas cover is incomplete on Lyman 

Glacier (85%) and comprised of sand-boulder sized material.  Annual ice ablation rates of 

3.3 m and 3.4 m water equivalent and 2.3 m and 2.6 m water equivalent on debris-

covered and clean areas of Columbia Glacier and Lyman Glacier respectively were 

measured. 

 
Nakawo and Young (1981) carried out field experiments to examine the relationship 

between meteorological variables and sub-ŘŜōǊƛǎ ŀōƭŀǘƛƻƴ ǊŀǘŜǎΦ Ψhǘǘŀǿŀ ǎŀƴŘΩΣ ŀ ƳŀǘŜǊƛŀƭ 

whose thermal properties were known (a function of density and water content) and 

albedo (known for both wet and dry conditions) was used as the debris material. 

Observed ablation rates agreed well with results calculated from a heat-budget model, 

assuming a linear temperature gradient within the debris. This pioneering study found 

that ablation rates can be estimated using meteorological data, but only if albedo and 

thermal resistance of the debris are known. Alternatively, authors including Kayastha et 

al. (2000) and Takeuchi et al. (2000) use the positive degree-day method to predict ice 

ablation under a debris layer. This assumes that the amount of ablation during a given 

period is proportional to the sum of daily mean temperatures above the melting point. 

Using this approach the data required are the ablation rate on bare ice, the ratio of 

degree-day factor for debris cover to bare ice based on thermal resistance for the critical 

debris thickness, and effective thermal resistance of the debris cover (Kayastha et al., 

2000).  

 
On debris-covered glaciers, debris thickness generally increases towards the terminus, 

reversing the ablation gradient observed on debris-free glaciers and causing ablation 

rates to be negligible on the lower part of the glacier (Evans, 2004). The result of this is an 

enlargement of the ablation zone to offset mass gains in the accumulation zone. Debris-



covered glaciers (in equilibrium) thus have accumulation-area ratios of 0.2-0.4, compared 

with values of 0.6-0.7 for debris-free glaciers (Benn and Evans, 1998). 

 
2.4  The significance of albedo 
 
Nicholson and Benn (2006) maintain that degree-day factors for debris-covered ice are 

highly specific, and highlight the need for the development of robust, physically based 

ablation models for debris-covered glaciers that can be used to predict both short- and 

long-term ablation rates in response to (relatively) easily obtainable meteorological data. 

The authors modified a surface energy-balance model for estimating sub-debris ablation 

using meteorological data, which despite numerous simplifications performs well with 

modelled ablation rates generally matching observed rates. Nakawo and ¸ƻǳƴƎΩǎ όмфумύ 

original method utilised meteorological data to solve an equilibrium surface energy-

balance equation: 

 
Qs + Ql + Qh + Qe + Qc = 0,                   (Eq. 2.2) 

 
 
where Qs, Ql, Qh, Qe, and Qc are net short-wave radiation flux, net long-wave radiation 

flux, net sensible heat flux, net latent heat flux and conductive heat flux into the debris, 

ǊŜǎǇŜŎǘƛǾŜƭȅΦ Lƴ bƛŎƘƻƭǎƻƴ ŀƴŘ .ŜƴƴΩǎ όнллсύ ǇŀǇŜǊΣ ǘƘŜ ǊŀŘƛŀǘƛǾŜ ŎƻƳǇƻƴŜƴǘǎ ƻŦ 9ǉΦ нΦн 

(namely short- and long-wave radiation fluxes) are expressed as: 

 
        Qs = QΩόм ς h ύ                       (Eq. 2.3) 

 
       Ql = ʁ (l* - ̀ ¢s

4),                     (Eq. 2.4) 
 
ǿƘŜǊŜ vΩ ƛǎ ƛƴŎƻƳƛƴƎ ǎƘƻǊǘ-wave radiation (W m-2ύΣ ʰ ƛǎ ŀƭōŜŘƻΣ l* is incoming long-wave 

radiation (W m-2),  ʁ is the emissivity of the debris surface (taken to be 0.95),  ̀ is the 

Stefan-Boltzmann constant (5.67 x 10-8 W m-2 K-4) and Ts is the debris surface temperature 

(K). Quantification of net radiation fluxes, debris surface temperature and albedo are thus 

vital components of the surface energy-balance modelling of debris cover.  

 
In this particular example, debris surface albedo was measured in the field using a hand-

held Kipp and Zonen CM3 radiometer, with 136 and 155 spot measurements of albedo at 

wet and dry debris surfaces made on Ghiacciaio del Belvedere and Larsbreen, Svalbard, 



Fig. 2.2. Transverse profile of Khumbu Glacier, showing lowering of the surface profile between 27 July 
and 4 September 1978. Note that the largest amounts of surface lowering occur in the schist-covered 
zone (modified from Inoue and Yoshida, 1980). 

respectively during daylight hours. These data were averaged to determine the 

characteristic mean daily albedo for these two surface states. Mean albedo was 0.14 and 

0.09 for dry and wet debris on Ghiacciaio del Belvedere respectively, and 0.07 and 0.03 

on Larsbreen. (Nicholson and Benn, 2006). This method uses a single value of albedo to 

represent the entire debris-covered area of the glacier. This is understandable as the 

focus is on the testing of a generalised numerical model of sub-debris ice ablation, which 

is preferred to highly site-specific, empirical approaches. However, it is highly unlikely 

that the lithology and spatial distribution of debris at the local scale (both variables that 

affect albedo) is largely homogenous across these glaciers. 

 
Inoue and Yoshida (1980) found that on Khumbu Glacier, ablation rates were greater 

beneath dark-coloured schistose debris than below light-coloured granitic debris. This 

was attributed to differences in albedo (see Fig. 2.2). Interestingly, maximum sub-debris 

ablation rates vary between studies. For example, ablation rates beneath a given debris 

thickness as reported by Mattson et al. (1993) are greater than the results of Loomis 

(1970) and Østrem (1959). These differences may be caused by the different 

meteorological conditions (e.g. incoming radiation receipts, air temperature etc), and by 

the different physical properties of the debris, such as albedo. Ablation rates cannot be 

expressed solely as a function of debris thickness, but should also take these variables 

into consideration (Nakawo and Rana, 1999).  Although the main focus of the studies 

above is the estimation of ice ablation rates as a function of debris thickness, the 



importance of albedo and its incorporation into surface energy-balance models is clearly 

evident.  

 
Grenfell and Maykut (1977) maintained that spectral albedos are required in order to 

determine how albedo is influenced by changes in the spectral distribution of incident 

radiation (Grenfell et al., 1981). Thin covers of debris may appear similar in both visual 

appearance and physical texture to soils. The general consensus is that soil colour, 

moisture content and surface roughness are the main determinants of soil albedo (Post et 

al., 2000). Post et al. (2000) investigated the potential for soil albedo to be predicted 

using soil colour values and spectral reflectance data (which has been investigated since 

the mid-1970s with the advent of satellite remote-sensing technology). Soil colour has 

been identified in many studies affecting the amount of energy reflected from soil 

surfaces (e.g. Baumgardner et al., 1985; Post et al., 1994), and changes from the dry to 

ǿŜǘ ŎƻƴŘƛǘƛƻƴΦ ¢ƘŜ ƎǊŜŀǘŜǎǘ ŎƘŀƴƎŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘƛǎ ǘǊŀƴǎƛǘƛƻƴ ƛǎ ŦƻǊ ǘƘŜ ΨaǳƴǎŜƭƭΩ 

colour value component (a colour system that specifies colour based on hue, lightness 

and colour purity; Keunhi, 2002), which is also strongly correlated with albedo and 

changes with moisture content of the soil (Post et al., 2000). For 26 U.S. soils two soil 

moisture conditions were studied, air dry and wet (defined as the condition when water 

films are absorbed by the soil and no water glistens on the surface), and soil colours 

measured and spectral reflectance curves determined using a multispectral radiometer. 

Regression analysis revealed statistically significant relationships between albedo and 

Munsell soil colour value (r2 = 0.82, 0.90, 0.93 and 0.95 for blue, green, red and NIR 

ōŀƴŘǎύ όCƛƎΦ нΦоύΦ ¢ƘŜ ŀǳǘƘƻǊǎ ŦƻǳƴŘ ǘƻ ǘƘŜ ŀƭōŜŘƻǎ ƻŦ ǎƳƻƻǘƘŜŘ ǎƻƛƭǎΣ ʰsoil, can be 

accurately estimated for using the regression relationship (r2 = 0.93): 

 
 

shoil = 0.069(cv) ς 0.114,                                                  (Eq. 2.5) 
 
 
where cv is the Munsell colour value for a given band. In addition, multiple linear 

regression was computed for the blue, green, red and NIR bands (r2 = 0.96): 

 
 

shoil = 0.785 (NIR) ς 0.745 (Blue) + 0.872 (Green) + 0.01               (Eq. 2.6) 
 



Fig. 2.3. Relations between soil albedo and the (A) blue (0.45-0.52 µm); (B) green (0.52-0.60 µm); (C) 
red (0.63-0.69 µm); (D) NIR (0.76-0.90 µm); (E) brightness (sum of four colour bands, and; (F) 
percentage of reflectance. Regression lines for blue, green, red and NIR are plotted in (F) (source: 
Post et al., 2000). 

 



Ultimately, the study shows that soil albedo can be predicted using soil colour value data 

(Eq. 2.5) and multispectral visible and NIR radiometric reflectances (Eq. 2.6). However, 

surface roughness also affects soil albedo. Potter et al., (1987) found that solar radiation 

reflectance increases with increasing surface roughness, the greatest differences being 

between 0.85 and 1.35 µm. Therefore, though Post Ŝǘ ŀƭΩǎ study is very interesting and 

produced seemingly credible results, the relationships described are limited in their 

usefulness as they can only be applied to smoothed surfaces and for the fine earth 

soil/debris fraction (<2 mm) which are typically uncharacteristic of debris-covered 

glaciers, given the heterogeneity of the debris cover. In a similar study Gascoin et al. 

(2009) investigated the dependence of bare soil albedo on soil water content using in situ 

data collected on the moraine of the Zongo Glacier, Bolivia.  

 
2.5  Measuring albedo 
 
A number of different methods to measure albedo directly in the field or remotely are in 

currently in use. A review and discussion of these approaches, many developed and used 

on largely debris-free glaciers is now presented. Glacier surface albedo exhibits high 

temporal and spatial variability. Albedo parameterizations in numerical models of glacier 

melt typically use single daily values for a given point, or albedo fields derived from the 

interpolation of a few points measurements (Brock et al., 2003; Brock, 2004; Pellicciotti et 

al., 2005). Given the inherent spatial and temporal variability of albedo across a glacier, 

point measurements at a limited number of sites across the glacier surface may not be 

entirely representative of the glacier as a whole and large errors may be introduced (Knap 

et al., 1999; Dumont, 2009). Furthermore, in situ measurements may be hindered by the 

logistics and safety concerns associated with working in areas prone to avalanches 

(Corripio, 2004). 

 
The application of terrestrial photography for determining the albedo of snow surfaces 

has been developed by J. Corripio (2004). Conventional terrestrial photography 

represents a practical, flexible and inexpensive remote sensing tool for albedo estimation 

in the field and can be used as either an alternative or complementary approach to 

satellite imagery Given that the maximum energy reflected by many surfaces, including 

snow, lies in the visible band of the electromagnetic spectrum it can therefore be 



Table 2.2. Spectral sensitivities of digital cameras used by Dumont et al. (2009). Spectral bands are the 
maximum sensitivity bands of the camera for each ǇƛȄŜƭ ƻŦ ǘƘŜ Ψ.ŀȅŜǊΩ ŦƛƭǘŜǊ όǘǿƻ ƎǊŜŜƴΣ ƻƴŜ ǊŜŘ ŀƴŘ ƻƴŜ 
blue) (source: Dumont et al., 2009). 

investigated by examining the spectral response of modern films or digital cameras 

(Corripio, 2002).  Corripio (2004) used a camera-film-scanner system to produce a map of 

normalized surface reflectance values across the Mer de Glace glacier, French Alps. 

Oblique photographs were georeferenced to a digital elevation model (DEM) and 

reflectance values corrected for topographic and atmospheric influences. Atmospheric 

transmittance and diffuse and direct irradiation are corrected for and estimated 

respectively using numerical models. The spatial distribution of albedos were calculated 

and compared with in situ measurements, whereby direct albedo measurements (using 

an albedometer) and photographs (slide film) of the glacier surface were taken normal to 

the ground. A graded grey-scale card of known reflectance was used for calibration and as 

a reference for the intensity of reflected light and spectral balance. Ultimately, modelled 

values show good agreement with in situ measurements, though the author highlights the 

relatively narrow spectral sensitivity of the film used and uncertainties in the anisotropy 

of the albedo as limitations to the study (Corripio, 2004). 

 

 
 

Dumont et al. όнллфύ ŀǇǇƭƛŜŘ /ƻǊǊƛǇƛƻΩǎ όнллпύ ƳŜǘƘƻŘ ǘƻ {ŀƛƴǘ {ƻǊƭƛƴ ƎƭŀŎƛŜǊ ƛƴ ǘƘŜ CǊŜƴŎƘ 

Alps. The authors improved the original technique by complementing in situ incident and 

reflected short-wave radiation measurements (using a CNR1 Kipp & Zonen net 

radiometer) with digital photographs taken using standard digital camera (measuring in 

the visible part of the electromagnetic spectrum) and an additional digital camera, 

modified to record spectral data in the near infra-red (NIR) part of the electromagnetic 

spectrum (i.e. 0.64 to 0.8 µm) (Table 2.2). The data obtained therefore represent a 

comprehensive dataset from which reflectance in both the visible and near-infrared parts 

of the spectrum can be analysed. The following equation was applied to derive image 

integrated radiance, Ei, from image spectral irradiance, li( )˂, such that: 



   Fig. 2.4. Calculating energetic albedo from Digital Number of a pixel (source: Dumont et al., 2009).  
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where Qi is a calibration coefficient.   
 
True albedo values represent the ratio of hemispherical reflected radiance to 

hemispherical incident irradiance (Brock, 2004). Digital cameras are angular sensors and 

are only capable of measuring the radiation reflected in a solid angle. The authors 

therefore converted angular values to hemispherical values using a spectral solar 

irradiance model. A photograph is not a system designed for retrieving direct quantitative 

information from the original incoming and outgoing radiation (Corripio, 2004), and 

extensive coverage of the electromagnetic spectrum is crucial. Albedo values required for 

the calculation of energy balance are integrated values over the solar spectrum, the most 

significant part being from 0.3 to 2.8 µm) (Dumont et al., 2009). However, albedo 

measured by a digital camera is narrowband (as opposed to broadband) and thus only 

ǊŜŎƻǊŘǎ ƛƴ ǘƘŜ ǎǇŜŎǘǊŀƭ ōŀƴŘǎ ǘƘŀǘ ǘƘŜ ŎŀƳŜǊŀΩǎ ŎƘŀǊƎŜ-coupled device (CCD) or active-

pixel sensor (APS; also known as a CMOS sensor) are limited to. Though the authors do 

not go into a great amount of detail, a spectral solar radiation model was used to perform 

a narrowband to broadband conversion, removing the need for complete spectral 

coverage (Dumont et al., 2009) (Fig. 2.4). 

 
Glacier albedo generally depends strongly on wavelength as well as on the physical 

composition of the surface and no obvious method exists of deriving broadband albedos 

from narrowband measurements (Knap et al., 1999). In order to find a suitable expression 

for narrowband-to-broadband conversion of albedos derived from Landsat TM imagery, 

Knap et al. (1999) carried out simultaneous measurements of narrowband and broadband 

albedo on Morteratschgletscher, Switzerland.  Landsat TM bands 2 and 4 (0.52-0.60 µm  



CƛƎΦ нΦрΦ aŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ʰ2 ό¢a нύΣ ʰ4 ό¢a пύ ŀƴŘ ʰ όōǊƻŀŘōŀƴŘύ ŀǘ ом ǎƛǘŜǎ ƻƴ ǘƘŜ ǘƻƴƎǳŜ ƻŦ 
Morteratschgletscher during 7-12 September, 1996. Measurements are divided into three groups 
corresponding to surface type. Note the low albedo (0.1) at surface ID 21 where thick debris covered 
glacier ice (source: Knap et al., 1999).  

and 0.76-0.90 µm respectively) and custom Kipp & Zonen pyranometers were used to 

measured narrowband albedos, whilst standard pyranometers were used to measure 

broadband albedo (0.3-3.0 µm). Albedo measurements on surfaces type ranging from 

clean to dirty, debris-covered ice (surfaces partly or entirely covered by fine-grained 

material like sand, silt or clay and/or pebbles) are shown in Fig. 2.5. Albedos (both 

ƴŀǊǊƻǿōŀƴŘ ŀƴŘ ōǊƻŀŘōŀƴŘύ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭƻǿŜǊ ŦƻǊ ΨŘƛǊǘȅ ƛŎŜΩ όǘȅǇƛŎŀƭƭȅ лΦмр-0.3). The 

lowest albedo (0.1: surface identification 21) is recorded on a lateral moraine where ice is 

covered by a thick layer of rock debris (Knap et al., 1999). 

 
 

 
 



 
2.6  Conclusion 
 

To conclude, it is evident that the vast majority of albedo studies and resultant models 

developed to date are largely applicable only to debris-free glaciers. Admittedly, ice and 

snow surfaces are comparatively homogenous in appearance and do not possess the 

same magnitude of spatial variability in surface material that is found on debris-covered 

ƎƭŀŎƛŜǊǎΦ ¢ƘǳǎΣ ŦƻǊ ΨŎƭŜŀƴΩ ƎƭŀŎƛŜǊǎΣ ǘƘŜ ƳƻŘŜƭǎ ŘƛǎŎǳǎǎŜŘ ŀǊŜ ǎǳƛǘŀōƭŜ ŀƴŘ ŀŎŎǳǊŀǘŜ ŀǘ 

estimation ablation rates. However, the presence of a supraglacial debris mantle greatly 

complicates net radiative transfers. Debris albedo one of the principal factors affecting 

the critical thickness required to retard ablation rate, though has not been studied in any 

significant level of detail. In the few numerical models that exist, albedo is represented 

relatively simplistically, and glacier- and local-scale variations have not been quantified. In 

ǘƘŜ ŀǳǘƘƻǊΩǎ ƻǇƛƴƛƻƴΣ ǘƘƛǎ ƛǎ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ƛƳǇǊƻǾƛƴƎ ǘƘŜ ŀŎŎǳǊŀŎȅ ƻŦ ƴǳƳŜǊƛŎŀƭ ƳƻŘŜƭǎ ŀƴŘ 

would serve as field verification for satellite-derived albedo fields. This has already been 

carried out for debris thickness (Mihalcea et al., 2008). Terrestrial photography is a cheap 

and logistically simple technique for quantifying glacier surface albedo and investigating 

the spectral components of reflected solar radiation, though once again it has been 

utilised only on ice and snow surfaces (e.g. Corripio, 2004; Dumont et al., 2009). With 

these issues in mind, this review has highlighted the requirement for detailed 

investigation of debris albedo, its spatial variations and potential implications for the 

surface energy balance. 



3.  Aims and objectives 
 
 

The ultimate aim of the study was to quantify albedo of the debris-covered Ghiacciaio del 

Belvedere, Italian Alps (English: Belvedere Glacier) and its variation at both the glacier- 

and local scales. In addition, a detailed investigation of the optical properties of the 

supraglacial debris cover (and additional surface types present) through the 

determination of relative albedo and interrogation of spectral signatures would be carried 

out. A terrestrial photogrammetry approach was to be employed in the field and the 

digital images subsequently processed upon return using image analysis software. Spatial 

variability in albedo at the glacier-scale was desired and a sampling strategy derived to 

facilitate this. In addition, spatial variations in albedo at the local scale (10 m2) would also 

be quantified in order to investigate the effect of supraglacial debris heterogeneity on 

reflectance. As many recent studies involve the manipulation of satellite imagery in order 

to derive glacier-wide albedo fields for use in energy balance models, the results of the 

local-scale experiments could also be used to determine the spatial variability in albedo 

within individual pixels on such imagery, though this was not a main objective of the 

study. In the absence of meteorological data (namely incoming and outgoing long- and 

short-wave solar radiation) relative surface reflectance (albedo) would then be calculated 

and compared between sites. In addition, the intensity of light reflected in the red, green 

and blue bands could be calculated and ultimately related to the amount of radiation 

absorbed in the visible spectrum.  



4.  Methodology 
 

4.1  Introduction 
 
This chapter introduces and describes in detail the various methods used to investigate 

albedo and the reflectance properties of the surface of Ghiacciaio del Belvedere, both in 

the field and at the data post-processing stage. Firstly, the study site is described and 

previous studies in the area introduced and briefly discussed. Secondly, the terrestrial 

photography technique employed in the field is introduced and explained in detail. 

Following this, the various post-processing methods utilised to derive albedo, mean clast 

size and degree of shadowing in the photographs, as well as to investigate the albedo and 

ǊŜŦƭŜŎǘŀƴŎŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǎǳǇǊŀƎƭŀŎƛŀƭ ŘŜōǊƛǎ ƛƴ ǘƘŜ ǊŜŘΣ ƎǊŜŜƴ ŀƴŘ ōƭǳŜ ōŀƴŘǎ όΨƛƳŀƎŜ 

ǎǇŜŎǘǊƻǎŎƻǇȅΩύ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘΦ 9ǊǊƻǊǎ ƛƴƘŜǊŜƴǘ ǘƻ ǘƘŜ ǾŀǊƛƻus methods and processing 

techniques employed are considered within each section. 

 
4.2  Study area: Ghiacciaio del Belvedere 
 
Ghiacciaio del Belvedere (Fig. 4.1) is a humid-temperate glacier with a heavily debris-

covered tongue located in the Monte Rosa massif, Italian Alps (прϲ ртΩ bΣ п8° опΩ 9ύΦ ¢ƘŜ 

glacier is largely fed by steep hanging glaciers and ice, snow and debris avalanches 

originating from the Monte Rosa east face, one of the highest flanks in the European Alps 

(2200-4500 m a.s.l.) (Haeberli et al., 2002; Fischer et al., 2006; Mazza, 2000). The glacier 

has been investigated for many decades and was regarded by early researchers as a 

classic example of a glacier possessing an elevated sediment bed (e.g. Monterin, 1923). 

The geology of the Monte Rosa east face is characterised by alternating layers of differing 

lithologies: orthogneiss and paragneiss. The two lithologies can be distinguished in the 

field based on the containing minerals, structures and colour (Bearth, 1952). A basic 

geological map shows areas of ortho- and paragneiss as well as zones of rock and ice 

avalanching on the Monte Rosa east face is displayed in Fig. 4.2. Ice thickness and volume 

changes between 1957 and 1991 were quantified through comparison of large-scale 

maps by Diolaiuti et al. (2003). The glacier increased by 22.7 million m3 during this period, 

with a mean increase of 15 m in thickness (Fig. 4.3).  
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Fig. 4.1. Basic geomorphological map of Ghiacciaio del 
Belvedere, showing key features mentioned in the text, as 
well as the location of the AWS. Inset map from Diolauiti et 
al. (2004). 
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Fig. 4.2. Basic geological map of the Monte Rosa east face, including detachment zones of rock 
fall/debris flow events and ice avalanches (numbered green and blue dots). Ghiacciaio del 
Belvedere can be seen in the lower right of the image (source: Fischer et al., 2006). 

At least seven GLOFs have originated from the glacier since the 19th century, threatening 

the village of Macugnaga and damaging infrastructure associated with the ski-field 

located immediately down-valley (Haeberli et al., 2002; Kääb et al., 2004). Outbursts and 

subsequent morainic collapse occurred in 1868, 1896 and 1904. In September 1922 a 

subglacial outburst flood occurred following a period of intense rainfall. GLOFs originating 

from the Lago del Locce (see Fig. 4.1) occurred in August 1970, August 1978 and July 

1979. Upon release, this most recent outburst travelled along the natural channel 

ōŜǘǿŜŜƴ ǘƘŜ ƎƭŀŎƛŜǊ ŀƴŘ ƛǘǎ ǊƛƎƘǘ ƭŀǘŜǊŀƭ Ψ[ƛǘǘƭŜ LŎŜ !ƎŜΩ ƳƻǊŀƛƴŜΣ ƻǾŜǊǘƻǇǇƛƴƎ ŀƴŘ 

subsequently breaching the moraine to a depth of ~20 m. The subsequent debris flow 

flooded the valley bottom for a length of 1 km and width of 150 m (Kääb et al., 2004). The 

glacier began a surge-type movement between summer 2000 and summer 2001, with ice 

velocities increasing by an order of magnitude and speeds up to 200 m a-1 observed (Kääb 

et al., 2004, 2005; Fischer et al., 2006). The surface characteristics of the glacier changed 

from almost complete debris-cover with smooth topography to roughly crevassed 

topography with sparse debris cover, indicative of an accelerated flow regime (Fig. 4.4;  

FIG 4.3



Kääb et al., 2004). Consequently, a large depression formed at the foot of the Monte Rosa 

east face as a result of extending flow and was rapidly filled with water, forming a 

supraglacial lake with a surface area of ~2500 m2 which was ultimately drained artificially. 

¢ƘŜ ǇǊŜŎƛǎŜ ƳŜŎƘŀƴƛǎƳ ƻŦ ǘƘŜ ΨǎǳǊƎŜΩ ǎǘƛƭƭ ǊŜƳŀƛƴǎ ǳƴŎƭŜŀǊ όYŅŅō et al., 2004). 

 
 

 
 
4.3  Field methods: terrestrial photography 
  
Data collection was undertaken between 14th June and 3rd July 2009. Reconnaissance of 

the glacier and surrounding area was carried out on 10th and 11th WǳƴŜ ŀƴŘ Ψƴƻ-ƎƻΩ ŀǊŜŀǎ 

were identified, including heavily crevassed regions at the divergence zone of the two 

ǎƴƻǳǘǎΣ ŀƴŘ ǘƘŜ ǿŜǎǘŜǊƴ ƭŀǘŜǊŀƭ ƳŀǊƎƛƴ ƻŦ ǘƘŜ ΨƳŀƛƴΩ ǎƴƻǳǘΣ ŀs well as marginal areas with 

extensive ice cliff complexes. In the first two weeks of data collection the upper half of 

the glacier was completely inaccessible due to the persistence of snow cover, thus 

ŀŎǘƛǾƛǘƛŜǎ ǿŜǊŜ ŎƻƴŦƛƴŜŘ ǘƻ ǘƘŜ ΨƭŀǊƎŜΩ ǎƴƻǳǘΣ ŘƻǿƴƎlacier of the 1979 moraine breach, 

ŀƴŘ ΨǎƳŀƭƭŜǊΩ ǎƴƻǳǘ όCƛƎΦ пΦмύΦ IƻǿŜǾŜǊΣ ǎƻƳŜ ǇǊƻƎǊŜǎǎ ǳǇ-glacier was made in the final 

days of data collection as snow melted and access became safer. An automatic weather 

station (AWS) was maintained on the smaller snout (see Fig. 4.1) and obtained 

measurements of incoming and outgoing radiation. However, these data were 

unfortunately rendered irretrievable as a result of an electrical storm interfering with the 

datalogger. In addition, an ASTER satellite image was acquired over the glacier on the 27th 

Fig. 4.4. Orographic right lateral margin and ice margin of Ghiacciaio del Belvedere (view 
upglacier), on a) summer 1996 , and b) June 2002. the ice wall (indicated by arrow) is 
approximately 20 m high (source: Kääb et al., 2004). 

(a) (b) 



June. However, this was disregarded as Ghiacciaio del Belvedere was virtually entirely 

covered in cloud in the scene. 

 
A terrestrial photography approach, similar to that outlined in Corripio (2004), was 

employed. A single Panasonic Lumix® DMC FZ-7 digital camera was used to obtain 

photosets at individual sites which would facilitate the calculation of albedo. In total, 60 

sites were sampled; their distribution at the glacier scale was designed to maximise 

spatial coverage of the accessible area of the glacier (Fig. 4.5). This extensive coverage 

was required as one needs a very large number of spatially distributed measurements in 

order to quantify variations in albedo over the entire glacier surface (Knap et al., 1999).  

Precise sampling points were chosen which were believed to represent the typical surface 

type in the immediate area (~10 m radius). Specific site locations were recorded using a 

handheld Garmin 60® GPS.  

 
At each site, downward photographs were taken normal (i.e. 90° or perpendicular) to the 

glacier surface from an elevation of approximately 1.6 m. For these photographs, the 

standard built-in Leica DC Vario-Elmarit 35 mm-equivalent lens was used. As a result, the 

field of view of the downward-looking photographs produced images with approximate 

dimensions of ~1.22 m by ~0.91 m (human error attributable to this technique are 

described in below). For consistency, all photographs were taken facing directly south; 

orientation was established using a simple handheld compass. In order to maximise the 

ŀƳƻǳƴǘ ƻŦ ƭƛƎƘǘ ǊŜŀŎƘƛƴƎ ǘƘŜ ŎŀƳŜǊŀΩǎ //5Σ ǎƪȅǿŀǊŘ ǇƘƻǘƻƎǊŀǇƘǎ ǿŜǊŜ ǘŀƪŜƴ ǳǎƛƴƎ ŀ рн 

mm wide-angle lens (0.45 x magnification). To enable intercomparison of surface and 

skyward photographs (surface and sky photographs could not be directly compared due 

to the different lenses used) a fixed exposure was maintained for all photographs: F-stop: 

8.0, shutter speed: 1/500 s. 

 
Five photographs were taken of the surface and the sky alternately at each site. This 

facilitated the calculation of errors attributable to changes in camera position in the 

horizontal and vertical planes (i.e. human error), and variations in illumination conditions 

during sampling and atmospheric transmittance between the surface (or sky) and the 

camera sensor. This would also account for variations in the processing functions used by 

the CCD to record incoming light intensities. Photographs were also taken of a surface of  
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Fig. 4.5. Map of Ghiacciaio del Belvedere, showing the location of the 60 main sampling sites (P1-P60). Also 
shown are the location of local scale experiments (LS1-LS4; grey triangles) and lithological samples (R1-R3; 
hollow circles). 
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known reflectance, in this instance a Jessops® Grey Card (dimensions: 0.2 x 0.25 m), 

which reflects 18 percent of light falling on it in all colours (Jessops, 2009). Although grey 

cards are not perfectly diffuse reflectors, they have small variations in spectral reflectance 

over the wavelengths 0.4 ς 1.1 µm and are suited for use as reflectance standards in field 

spectroscopy (Milton, 1989). The result was a photograph that contained an area 

possessing an albedo (in the visible spectrum ς 0.4 ς 0.7 µm) of 0.18 which was 

subsequently used to calculate relative albedo at the post-processing stage. 

 
CƻǳǊ ΨƭƻŎŀƭ-ǎŎŀƭŜΩ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŀƭǎƻ ŎƻƴŘǳŎǘŜŘ όǎŜŜ CƛƎΦ пΦр ŦƻǊ ƭƻŎŀǘƛƻƴǎύΦ ! ǎŀƳǇƭƛƴƎ 

strategy was formulated which would facilitate the quantification of albedo variations in a 

localised area. At each location, a grid measuring 10 m2 was established and photographs 

taken every 2 m along rows spaced 2 m apart, the result being a photoset of 25 individual 

sites (Fig. 4.6). Localised variations in albedo and surface characteristics and optical 

properties could then be investigated. In addition to the 60 sampling sites (where the 

surface was always predominantly supraglacial debris cover) and localised experiments, 

other surfaces were photographed using the technique described above, namely: old 

snow patches and ice cliffs. The dominant lithologies at three key localities (see Fig. 4.5) 

were also photographed and samples taken so that any lithology-specific variations in 

albedo could be investigated. 

 
 
4.4  Post-processing and data analysis 
 
4.4.1  Calculating relative albedo 
 
Albedo is typically expressed as the percentage of reflected incoming radiation in the 

wavelengths 0.4 ς 3.0 µm. However, in this study albedo was only investigated in the 

visible part of the spectrum (0.4 ς 0.7 µm) owing to the limited spectral sensitivity of the 

ŘƛƎƛǘŀƭ ŎŀƳŜǊŀΩǎ //5Φ ! ƴǳƳōŜǊ ƻŦ ǎǘŜǇǎ ǿŜǊŜ ǊŜǉǳƛǊŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ŀƭōŜŘƻ ŦƻǊ ŜŀŎƘ ǎƛǘŜΦ 

Firstly, the calibration image containing the grey card was imported into Image-Pro® Plus. 

The area within the image containing the grey card was manually selected and the 

ΨIƛǎǘƻƎǊŀƳΩ ǘƻƻƭ ǳǎŜŘ ǘƻ ǇǊƻŘǳŎŜ ŀ ƘƛǎǘƻƎǊŀƳ ǎƘƻǿƛƴƎ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ 

light intensities within this region. Essentially, the image is converted to greyscale (colours 

removed and replaced with a grey of matching luminance) and the brightness of  



  

individual pixels assigned into one of 255 bins; 0 = pure black, 255 = pure white. Since 

these data represented the light intensities of an area less than 6 x 106 ǇƛȄŜƭǎ όǘƘŜ ΨǊŜƎƛƻƴ 

ƻŦ ƛƴǘŜǊŜǎǘΩ όwhLύ ƛƴ ǘƘŜ ƛƳŀƎŜ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ƎǊŜȅ ŎŀǊŘύΣ ŀ ǎŎŀƭƛƴƎ ŦŀŎǘƻǊ ǿŀǎ ŀǇǇƭƛŜŘ ǘƻ 

the raw data in Microsoft® Excel to enable direct comparison of the results from 

subsequent processing with the images of the debris (which possessed a total pixel count 

of 6 x 106). The scaled intensity data were imported into OriginPro® 8 where numerical 

integration was performed to yield a single value. This value was assumed to represent 

the amount incoming light reflected from a surface with an albedo of 0.18. For each site, 

this procedure was applied to photographs of both the glacier surface and the sky, though 

a scaling factor was not required since the entire image area was processed. To calculate 

ŀƭōŜŘƻ ƻŦ ǘƘŜ ŘŜōǊƛǎ ǎǳǊŦŀŎŜΣ ʰΣ ǘƘŜ ŦƻƭƭƻǿƛƴƎ Ŝǉǳŀǘƛƻƴ ǿŀǎ ŀǇǇƭƛŜŘΥ 
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where sint and gint are the integrated values obtained from the glacier surface and grey 

card respectively.  
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Fig. 4.6. Diagram showing the layout of the local scale albedo experiments. Hollow circles 
ǿƛǘƘ ƴǳƳōŜǊǎ ǊŜǇǊŜǎŜƴǘ ƛƴŘƛǾƛŘǳŀƭ ǎŀƳǇƭƛƴƎ ǎƛǘŜǎΣ ƻǊ ΨƴƻŘŜǎΩΦ 
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4.4.2  Debris size classification 
 
Another variable that has the potential to influence albedo, though somewhat indirectly, 

is clast size. Along with solar zenith angle, it is reasonable to assume that the degree of 

shadowing at a given point will be influenced by the size of the clasts present (i.e. the 

greater the clast size, the more extensive the shadowing). This was explored and results 

are reported in the following chapter. However, the direct relationship between clast size 

and albedo was also investigated. To this end, a semi-quantitative approach was adopted 

in order to classify each of the 60 main sites by the dominant debris size grade present 

(using the grain size classification, outlined by Wentworth (1922)). Due to time 

constraints, this classification was not applied to the local-scale sites (n = 100), though 

this technique could easily be used to extend the dataset (and thus robustness of the 

results). The precise classifications used were: 

 

(b) 

(c) 

(a) 

Fig. 4.7. Examples of the clast size classification system used in this study. a) άнέ ς P34, b) άоέ 
ς P14, c) άпέ ς P36, and d) άрέ ς tмоΦ bƻ ǎƛǘŜǎ ǿŜǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ άмέ όǇƘƻǘƻǎΥ aΦ ²ŜǎǘƻōȅύΦ 

(d) 



1) exclusively fine-grained material (i.e. mud, silt, sand); 

2) relatively fine-grained material (i.e. sandy gravel, gravel, some pebbles); 

3) medium-grade material (i.e. gravel, pebbles, some cobbles); 

4) coarse-grained material (i.e. pebbles, cobbles, some boulders); 

5) very coarse material (i.e. all cobbles and boulders). 

 
Examples of the application of this classification system are shown in Fig. 4.7. 
 
 
 

 
 
 
 
 

(a) (b) 

(c) 

Fig. 4.8. Percentage shadowing methodology: (a) raw greyscale image (P54); (b) image with 
segmentation applied ς areas in shadow are highlighted in red; and (c) reflectance curve 
showing the area attributable to shadowing (maximum reflectance intensity classified as 
shadow represented by the red dashed line). 


