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Abstract

Though it is widely accepted that debris thickness is the main controlling factor en sub
debris ablation rates on debriovered glaciers, otheattors, 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 glaei@nd localscalesp) investigate

the potential causes of any observed variations and their relative importancecand;
quantify spectral albedos and patterns reflected radiation in the red, green and blue
wavelengths. Fieldwork was conducted on Ghiacciaio del Belvederan lédps; 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 glacieface and sky
GSNB G118y y2NNIt G2 GKS adzNFOIOSS @ S ELIS N
were conducted and lithological samples acquired at key localities.

Spatial distribution of albedo at the glacistale is highly variable and no imdigte

LI G G§SNY& I NB -037A=R.8%. liocally» albEdo radyestfrom 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 fadtmiding 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 &ast 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 invgation 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, delrevered glacierfiave not been well
studied. The expansion of supraglacial debnsantleson previouslydebrisfree glaciers

are0 SO2YAYy3d AYONBIFaAy3Ite LINRBYAYSYyG TSI GdzNE
a result of climatic warming (Deline, 2005; Mihalegaal., 2006, 2008)This paucity of
scientific knowledge stems mainly from their remotenesd &naccessibility, coupled with

the logisticaldifficulties of investigating ablation rates beneath layers of supraglacial
debris, which can in some instancd® metresthick. Calculation of subebris ablation
ratesare central toheat budget andnassbalance calculationsand for estimating water
runoff; a matter of the highest priority in regions where local communities rely on glacial
meltwater from debriscovered glaciergor their livelihood such as theHimalaya and

Peruvian Andeée.g. Racoviteanet al., 2008)

Glaciers possessing a continuous mantle of debris covering the lower pant iotleed

the entire ablation zone are common in many higfief mountain environments,
including the Nepalg(g.Bennet al,, 2001;Hambreyet al., 2009, Brutan €.9. Moolet al.,

2001) and Karakoram Himalayge.g. Mayeret al, 2006; Mihalceaet al., 2008) the
Southern Alps of New Zealand (eigrkbride, 1995; Fitzharrist al., 1999; Kirkbride and
Warren, 1999Warren and Kirkbride, 20Q,3he European Alps (e.@iolaiutiet al., 2003;
Mihalceaet al, 2009 and thePerwian Andegqe.g. Hubbardet al, 2009. Supraglacial
debris is either entrained in the accumulation zone as a result of mass wasting and is
buried or falls down crevassesibsequently reemerging in the ablation zone as the ice
ablates (Benn and Evans, 1998; Evans, 2@0«#)ynatively, debris mantles are produced

as englacial debris elevatedom the bed along shear planewelts out. Wherethe
volume and frequency of debris delivered by rock avalandgeesgnificant 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
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 beereached (Nakawo and Rana, 199ollowing stagnation, the poruj

of water on the glacier surface and subsequent coalescence that occurs with pond
expansion may result in the formation of extensive supraglacial lakes Reynolds,
2000 Bennet al, 200). Where these lakes are icer morainedammed, breachingnay
trigger a glacial lake outburst flood (GD)Ohese carave catastrophic consequences for
downstream communities (see reviewsYamada and Sharma, 1993lague and Evans,
2000 Richardson and Reynolds, 20@®d Quinceyet al, 2005. In the face of global
climate change the potential for deb+vered 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 termectnieegy
balance and is the main control governing ablation rates (Paterson, 1994). Its main
components are: solar radiation (shesave), longwave radiation, sensible heat from the
atmosphere, and latent heat transferred during phase changes (i.e. melting, freezing,
condensation, evaporation and sublimation). On debree glaciers several field studies
(e.g. Greuelkt al,, 1997; Strassest al., 2004) have confirmed that direct radiation is the
principle energy source for glacier melt, with almost all absorbed engygyet 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 delayer (Takeuchet 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 dekrered glaciers, the focus has
predominantly been on the significance of debris thickness tardéng ablation rateslt

has been long established that thin covers of sediment (up td® mm) will promote
melting, owing to high thermal conductivity and thus high relatieat transfer eficiency

to the underlying ice, whereas debris concentrations exceedii mm have an

insulating effectand retard ablation rates (dstrem, 1999akawo and Young, 1981, 1982



Mattson and Gardner, 1989; Mattsast al., 1993. Ablation beneath thicknesseseagter

than 1 m tendso be negligible, andn some casesegetationmay colonise the glacier
surface indicating inactivity and stagnatiqBenn and Evans, 1998hick 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 mawariable determiningnean sub-debris ablation

rates (Kayasthat 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 conditins (Nakawo and Takahashi, 1982; Conwtal., 1996).Albedo

and the optical properties of supraglacial debhigvenot been studied in any gredgvel

of detail despite thecentralrole they playin determiningthe surface energy balancin

light of this, a study was conceived guantify albedo andthe spectralproperties ofa
supraglacial debris layer on an Alpine delmosered glacier and their spatial variability

using a noveln situterrestrial photographyapproach.



2. Literaturereview

2.1 Introduction

This chapter provides an overview and discussion of studies relating to the surface energy
balance of debrixovered glaciers, the factors that determine sidbris ablation rates
and the various field and modelling approachetopted 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 apacbes to measuring albedo are considered.

2.2 The surface enerqy balance

¢CKS adzy Aa (GKS dzf GAYFGS &2dz2NOS 2 Fandmik KS
latitude glaciers, solar radiation provides the primary source of energy fomgiléng of

snow and ice (de la Casiniere, 1974), reaching the lower atmosphere in thewshat
lengths €. 0.2 and 0.4 um) and peaking in the visible part of the spectrum¢(0.Z4 um)
(Barry and Chorley, 2004). Tiselar constantor amount of energy fling at normal
AYOARSYOS LISNJ dzy Al FNBF YR LISN dzyAd GA
distance from the sun is 1395.167 W?rtvan der Veen, 1999; Peixoto and Oort, 1992).
This radiation reaches the surface either directly or as diffuseatiati 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 shate radiation is
reflected from the surface, whilst the remainder provides egefor heating and phase
changes. Conversely, virtually all lewmgve radiation is absorbed as the earth acts as a

black body in the infraied part of the spectrum (Paterson, 1994).

The percentage of radiation that is reflected is termed #figedoandis 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 shortwave radiation between 0.4 and 3.0 um. This reflecradiation controls
Yy2ald 2F GKS SySNHeée GNIXryaFSNI Fd GKS St NI
moisture (Arya, 2001). Radiation beyond 3.0 pm is mostly emitted-\mge (or

terrestrial) radiation. A range of albedos are presented in Table. 2.In glacial



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

Surface type Range Mean
Dry snow 0.80-097 0.84
Melting snow 066-0.88 0.74
Firn 0.43-069 0.53
Clean ice 0.34-0.51 0.40
Slightly dirty ice 0.26-0.33 0.29
Dirty ice 0.15-0.25 0.21
Debris-covered ice 0.10-0.15 0.12

environments, albedos are typically highest for fresh snow surface®94{80 reflected)

and lowest for debrikovered ice (1415% reflected) (Paterson, 1994). Accordingly, less
energy is available for ablation on surfaces which possess tighad. Ablation rates on
clean, mid to highlatitude 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 gsire 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; Dumoet al., 2009). In addition, the aspect of a surface
relative to the position of the Sun important; incoming radiation receipts are highest
when the Sun is positioned normal (i.e. at 90°) to the surface,\déce versavhen the

angle is low.

A number of paameterizations for albedo, mostly developed for deHrese 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 sotazenith angle. Greuell and Oerlemans (1989) proposed a similar,

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

hol' o4 0.06, (Eq. 2.1)
SKSNBE hoy Ay GKS | 0aSy 0S,=D54 ifinditNddr i©FesentS f
Albedo is modelled as a function of snow density at the surface and cloud amount in
DNBdzStf YR Y2yl StYlIyyQa G&heepPardmetarizatziReof 2 F
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as time and accumulated daily air temperature (as well as other meteorological
variables), in order to account for factors which physycalter the reflectance properties

of glacier surface materials (e.g. snow metamorphism on ddtees glaciers, or
precipitation on those with a supraglacial debris mantle) (Bretc&l., 2000). On debris

free glaciers albedo typically increases witktance 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 debrisovered glaiers, 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 ansolar zenith angle significantly affect albedo over short
timescales (Broclet al, 2004). However, albedo parameterizations in numerical melt
models do not typically take this into account (e.g. Oerlemans, 1993; Aehald 1996),
the exception beinglte model of Greuell and Oerlemans (1986). Bretcil. (2004) found
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that most of the shorterm (<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°%o 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 shewave radiation flux to the theoretical diretteam
short-wave radiation flux. Relationships explained 83% an@®% of shorterm 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
wasthe removal of fine debris by runoff from intense rainfall, leading to a decrease in

local albedo (Brockt 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
characeristics of a debris layer that dictate rates of heat conduction to thedadaris
interface (Kayasthat al., 2000). Mentioned previously, a thin covering of sediment will
promote melting owing to high thermal conductivity and comparatively low albedo.
Camversely, ablation is retarded once the debris concentration exceelsram (Jstrem,

1959; Nakawo and Young, 1981). Because of these counter effects, ablation is acceleratec
when debris thickness is small, and increasingly suppressed with debris laglemihg

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

Empirical relationships between supraglacial debris thickness andetierates were first
established by @strem (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; Fuijii, 1977; Mattsebal., 1993; Mattson, 2000). Relahships

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 degreelay factors for debris of varying thickness (e.g. Kéyast al,

2000; Takeuchet 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 Wk for the

debris cover, which is far lower than a typical value of 2.10 WKihfor the conductivity

of ice at the melting point (Drewry, 1972, 1986). In a similar study, Pelto (2000) measured
ablation beneath adjacent clean and debcsvered areas of loyan and Columbia
glaciers, North Cascades, Washington. Debris cover on Columbia Glacier is complete ant
is a relatively fineggrained claysand mixture, whereas cover is incomplete on Lyman
Glacier (85%) and comprised of saémlilder sized material. Annugle 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 exarnthe relationship
between meteorological variablesandsBbS o NA & Fof FGA2y NI GSao
whose thermal properties were known (a function of density and water content) and
albedo (known for both wet and dry conditions) was used as tlebrid material.
Observed ablation rates agreed well with results calculated from a-ledget model,
assuming a linear temperature gradient within the debris. This pioneering study found
that ablation rates can be estimated using meteorological data,dmly if albedo and
thermal resistance of the debris are known. Alternatively, authors including Kayastha
al. (2000) and Takeuclat al. (2000) use the positive degratay method to predict ice
ablation under a debris layer. This assumes that the amadrablation 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
degreeday factor for debris cover to bare ice based terinal resistance for the critical
debris thickness, and effective thermal resistance of the debris cover (Kayeistia
2000).

On debriscovered glaciers, debris thickness generally increases towards the terminus,
reversing the ablation gradient obseed on debridree 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 egjibrium) thus have accumulaticarea ratios of 0.20.4, compared

with values of 0.8).7 for debrisfree glaciers (Benn and Evans, 1998).

2.4 The significance of albedo

Nicholson and Benn (2006) maintain that degdsey factors for debrigovered ice g

highly specific, and highlight the need for the development of robust, physically based
ablation models for debrisovered glaciers that can be used to predict both shard
longterm ablation rates in response to (relatively) easily obtainable metiegical data.

The authors modified a surface energglance model for estimating stiebris ablation

using meteorological data, which despite numerous simplifications performs well with
modelled ablation rates generally matching observed rates. Nakawo, adddlzy 3 Qa 0O v
original method utilised meteorological data to solve an equilibrium surface energy

balance equation:
QL+Q++Q+Q=0, (Eq. 2.2)

where Q;, Q, Qn, Q., and Q. are net shortwave radiation flux, net long/ave ladiation
flux, net sensible heat flux, net latent heat flux and conductive heat flux into the debris,
NBaLISOGAGSted LY bAOK2f a2y YR .SyyQa oH

(namely shortand longwave radiation fluxes) are expressed as:

Q=QQ & M 0 (EqQ. 2.3)
Q=s(*-" ¢), (Eq. 2.4)

GKSNB v Q A&-wavy adiavon YWAMLEEK 2 NJIA 1% is ihcbnding RRgiave
radiation (W nif), ¥ is the emissivity of the debris surface (taken to be 0.95s the
StefanBoltzmann constant (5.67 x 2@V m? K*) andTsis the debris surface temperature
(K). Quantification of net radiation fluxes, debris surface temperature and albedo are thus

vital components of the surface energplance 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,dsvalbar
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Fig.2.2 Transverse profile of Khumbu Glacier, showing lowering of the surface profile between
and 4 September 1978. Note that the largest amounts of surface lowering occur in theceubistd
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 tc
represent the entire debrigovered area of the glacier. This is understandable as the
focus is on the testing of a generalised numerical model ofdaliris ice ablatin, which

is preferred to highly sitspecific, 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 darkcoloured schistose debris than below ligtdloured granitic debris. This
was attributed to differences in albedo (see Fig. 2.2). Interestingly, maximurdekuls
ablation rates vary between studies. For example, ablation rates beneath a given debris
thickness as reported by Mattsoet al. (1993) are greater than the results of Loomis
(1970) and @strem (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 \tagables

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 endoglance mode 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 (Grenfellet al, 1981). Thin covers of debris magpear 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 albedoefPost
al., 2000). Poset al. (2000) investigated the petitial 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 remotensing technology). Soil colour has
been identified in many studies affecinthe amount of energy reflected from soll
surfaces (e.g. Baumgardnet al,, 1985; Poset al, 1994), and changes from the dry to
St O2yRAGAZ2Yy® ¢KS 3INBIGSad OKIFy3aS | a2
colour value component (a colour sgm 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 (P&dtal, 2000). For 26 U.S. soils two soil
moisture conditions were studiediir 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 revealsthtistically significant relationships between albedo and
Munsell soil colour valuer{= 0.82, 0.90, 0.93 and 0.95 for blue, green, red and NIR
0FYR&0D OCAIP HPOoUODP ¢KS | dzii K2 NB F2cdmylie (2

accurately estimated fousing the regression relationshig € 0.93):

h 1= 0.069¢V) ¢ 0.114, (Eq. 2.5)

where cv is the Munsell colour value for a given band. In addition, multiple linear

regression was computed for theual, green, red and NIR band$% 0.96):

hsoii= 0.785 (NIR) 0.745 (Blue) + 0.872 (Green) + 0.01 (Eq. 2.6)
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Ultimately, the study shows that soil albedo can be prediatising soil colour value data

(Eq. 2.5) and multispectral visible and NIR radiometric reflectances (Eqg. 2.6). However,
surface roughness also affects soil albedo. Patteal., (1987) found that solar radiation
reflectance increases with increasing sedaroughness, the greatest differences being
between 0.85 and 1.35 um. Therefore, though PSsi  dtublyCisivery interesting and
produced seemingly credible results, the relationships described are limited in their
usefulness as they can only be applied smoothed surfaces and for the fine earth
soil/debris fraction (<2 mm) which are typically uncharacteristic of detmiered
glaciers, given the heterogeneity of the debris cover. In a similar study Gastcain
(2009) investigated the dependencelmdre soil albedo on soil water content usiimgsitu

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 debridree glaciers is now presented. Glacier surface albedo ezhiigh
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 (Braetkal,, 2003; Brak, 2004; Pellicciotet

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 intead{Knap

et al, 1999; Dumont, 2009). Furthermonm, situmeasurements 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 determinitige 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 alternativecomplementary 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



investigated by examining the spectral response of modemsfibr digital cameras
(Corripio, 2002). Corripio (2004) used a canféna-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 elevatmodel (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 albe@ws calculated

and compared withn 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 grescale card of known reflectance was useddalibration and as

a reference for the intensity of reflected light and spectral balance. Ultimately, modelled
values show good agreement wiith situmeasurements, though the author highlights the
relatively narrow spectral sensitivity of the film usadd uncertainties in the anisotropy

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

Table2.2. Spectral sensitivities of digital cameras used by Dumasbrl. (2009). Spectral bands are th
maximum sensitivity bands of the cameraforeadh ESt 2F (KS WwW. [ &8SND TA
blue) (source: Dumort al., 2009).

Camera type Channel 1 and 4 (green) Channel 2 (blue) Channel 3 (red)
Visible camera (EOS 5D) 440 to 500 nm 500 to 560 nm 570 to 630 nm
Near IR camera i A
e ~ 740 40 700
(modified EOS 400D) 680 to 740 nm 800 to 860 nm 640 to 700 nm

Dumontetalo H n n 0 | LILIX ASR / 2NNRALIAZ2Q& OHAANUO Y
Alps. The authors improved the original technique by complementirgituincident and
reflected shortwave 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 digitanmera,
modified to record spectral data in the near indrad (NIR) part of the electromagnetic
spectrum (i.e. 0.64 to 0.8 uym) (Table 2.2). The data obtained therefore represent a
comprehensive dataset from which reflectance in both the visible and-imé@red parts

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

integrated radianceks, from image spectral irradianck<), such that:



E =Q fh(/)I, (/)d/ (Eq. 2.7)

whereQ 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 leeted 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 ayaing 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 2.8m) (Dumontet al, 2009). However, albedo
measured by a digital camera narrowband(as opposed tdroadband and thus only
NEO2NRa Ay (GKS &LISOUGNI f-coapley dedice (CKD) ior adtiteS  (
pixel sensor (APS; also known as a CMOSoseare 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 (Dumongt 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 ofvitegi broadband albedos
from narrowband measurements (Knapal, 1999). In order to find a suitable expression

for narrowbandto-broadband conversion of albedos derived from Landsat TM imagery,
Knapet al. (1999) carried out simultaneous measurements afrowband and broadband

albedo on Morteratschgletscher, Switzerland. Landsat TM bands 2 and 49(6(Gam
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Fig. 2.4. Calculating energetic albedo from Digital Number of a pixel (source: Deirabn?009).



and 0.760.90 um respectively) and custom KippZ&nen pyranometers were used to
measured narrowband albedos, whilst standard pyranometers were used to measure
broadband albedo (0-3.0 um). Albedo measurements on surfaces type ranging from
clean to dirty, debrisovered ice (surfaces partly or entiretpvered by finegrained
material like sand, silt or clay and/or pebbles) are shown in Fig. 2.5. Albedos (both
YENNRGOFYR YR ONBIROoFYRO FNB &aA393).THelly
lowest albedo (0.1: surface identification 21) isamted on a lateral moraine where ice is

covered by a thick layer of rock debris (Keal., 1999).

Group 1: dirty ice Group 2: fairly clean ice

Albedo
(=]
-
1
Albedo

4 5 6 10 11 12 18 19 20 21 30 2 3 7 13 14a 14b 17
Surface identification Surface identification

Group 3: clean ice

Albedo

1 Ba 9 15 16 22 23 24a 25 26b 27a 28 29
Surface identification
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Morteratschgletscher during -I2 September, 1996. Meamments are divided into three group
corresponding to surface type. Note the low albedo (0.1) at surface ID 21 where thick debris c
glacier ice (source: Knap 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 delimee glaciers. Admittedly, ice and
snow surfaces are comparatively homogenous in appearance and do not paksess
same magnitude of spatial variability in surface material that is found on debwered

It F OASNARA® ¢Kdza>x F2NJ WOfSIyQ 3ItFOASNARZI
estimation ablation rates. However, the presence of a supraglacial delamtle 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 modelsttlexist, albedo is represented
relatively simplistically, and glacteand localscale variations have not been quantified. In
0KS IdziK2NR& 2LAYA2YS>S (GKAAa Aa SaaSyudaalt
would serve as field verification faatellite-derived albedo fields. This has already been
carried out for debris thickness (Mihalceaal.,, 2008). Terrestrial photography is a cheap
and logistically simple technique for quantifying glacier surface albedo and investigating
the spectral corponents of reflected solar radiation, though once again it has been
utilised only on ice and snow surfaces (e.g. Corripio, 2004; Dustoak, 2009). With
these issues in mind, this review has highlighted the requirement for detailed
investigation of delis 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 debagered Ghiacciaio del
Belvedere, Italian Alps (English: Belvederacigl) 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 intergation 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 glaciertale was desired and a sampling strategy derived to
facilitate this. In addition, spatial variations in albedo at the local scale ¢L®vould also

be quantified in order to investigate the effect of supraglacial debris heterogeneity on
reflectance. As @ny recent studies involve the manipulation of satellite imagery in order
to derive glaciemwide albedo fields for use in energy balance models, the results of the
locatscale 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 (hamely incoming and outgoing dodg
short-wave solar radiation) relative surface reflectance (albedo) would then be ceddula
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. Methodoloqgy

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 pogtrocessing stage. Firstly, the study site is déscr 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 poegtrocessing methods utilised to derive atlie mean clast

size and degree of shadowing in the photographs, as well as to investigate the albedo and
NEFf SOGFYyOS OKIFNIOGSNRAGAOA 2F &adzLNY It O
ALISOGNR&AO2LR QU | NB 02y aAi RS NBtvds asdNaN@edsiig A

techniques employed are considered within each section.

4.2 Study area: Ghiacciaio del Belvedere

Ghiacciaio del Belvedere (Fig. 4.1) is a huedperate glacier with a heavily debris
covered tongue located in the Monte Rosassd, Italian Alpsn(pc p8QnO8Z9 a d
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
(22004500 m a.s.l.) (Haebe#t al., 2002; Fischeet al, 2006; Mazza, 2000). The glacier
has been investigated for many decades and was regarded by early researchers as &
classic example of a glacier possessing an elevated sediment bed (e.g. Monterin, 1923).
The geology of the Monte Rosa east face is charsaedrby 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 orth@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 volumi
changes between 1957 and 1991 were quantified through comparison of-$aaje

maps by Diolaiutét al. (2003). The glaer increased by 22.7 millionduring this period,

with a mean increase of 15 m in thickness (Fig. 4.3).
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Fig. 4.2. Basic geological map of the Monte Rosa east face, including detachment zones
fall/debris flow events and ice avalanches (numbered green and blue dots). Ghiaccic
Belvedere can be seen in the lower right of the image (source: FescigP006).

At least seven GLOFs have originated from the glacier since theet@ury, threatening

the village of Macugnaga and damaging infrastructure associated with thielski
located immediately dowsvalley (Haeberlet al, 2002; Kaalet 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 AU, August 1978 and July
1979. Upon release, this most recent outburst travelled along the natural channel
0SUsSSyYy (GKS 3t OASNI yR Ada NRIKG €4S
subsequently breaching the moraine to a depth~&#0 m. The sukequent debris flow
flooded the valley bottom for a length of 1 km and width of 150 m (k&i&d., 2004). The
glacier began a surgigpe movement between summer 2000 and summer 2001, with ice
velocities increasing by an order of magnitude and speeds @®®om & observed (Kaab

et al,, 2004, 2005; Fischet al,, 2006). The surface characteristics of the glacier changed
from almost complete debrisover with smooth topography to roughly crevassed
topography with sparse debris cover, indicative of an kxeged flow regime (Fig. 4.4;

FIG 4.3



Kaabet 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-@500 nf which was ultimately drained artificially.
¢CKS LINBOAAS YSOKFIyAaY 27F (Sl 20840z2NBESQ a0A

Fig. 4.4. Orographic right lateral margin and ice margin of Ghiacciaio del Belvedere
upglacier), ona) summer 1996 , and) June 2002. the ice wall (indicated by arrow)
approximately 20 m high (source: Ké&gthal, 2004).

4.3 Field methods: terrestrial photography

Data collection was undertaken between™dune and % July 2009Reconnaissance of

the glacier and surrounding area was carried out off 46d 11" Wdzy' §  -3/2R0 YWyNS |
were identified, including heavily crevassed regions at the divergence zone of the two
ay2dziaz FyR GKS ¢SadSNY fd4welSadmdrginyl arébE wityi 2
extensive ice cliff complexem the first two weeks of data collection the upper half of

the glacier was completely inaccessible due to the persistence of snow cover, thus
I OGAGAGASAE 6SNB O2yTAyi&Rr ofitte 197K Sorald breddh,S Q
YR WaYlffSNR ayz2dzi o CA 3 glacerdvasindadelirgthie SitalS NI
days of data collection as snow melted and access became gafeautomatic weather
station (AWS) was maintained on the smaller €ndsee 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 wasradqu¥er the glacier on the 37



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 singléPanasonic Lumix® DMC-F4ligital 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 fothe 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 (kKatag., 1999).
Precise sampling points were chosen which were believed to represent the typical surface
type in the immediate area~(L0 m radius). Specific site locations were recorded using a

handheld Garmin 60® GPS.

At each site, downward photographs were taken notriz. 90° or perpendicular) to the
glacier surface from an elevation of approximately 1.6 m. For these photographs, the
standard builtin Leica DC VarBlmarit 35 mrequivalent lens was used. As a result, the
field of view of the downwardooking photogaphs 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 hasldhcompass. In order to maximise the
FY2dzyd 2F fA3IKG NBFOKAYy3d GKS OF YSNI Qa [/ /
mm wideangle lens (0.45 x magnification). To enable intercomparison of surface and
skyward photographs (surface and sky photograpbgld not be directly compared due

to the different lenses used) a fixed exposure was maintained for all photograjsepF

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
camerasensor. 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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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 diffuseflectors, they have small variations in spectral reflectance
over the wavelengths 0.4 1.1 um and are suited for use as reflectance standards in field
spectroscopy (Milton, 1989). The result was a photograph that contained an area
possessing an albed¢n the visible spectrumg 0.4 ¢ 0.7 um) of 0.18 which was

subsequently used to calculate relative albedo at the gosicessing stage.

C2 dzNJ-34a 128 d SELISNAYSyGa 6SNB faz2 02y RdzOi
strategy was formulated whh would facilitate the quantification of albedo variations in a
localised area. At each location, a grid measuring 1@as 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 lithespggific variations in

albedo could be investigated.

4.4 Postprocessing 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; 3.0 um. However, in this study albedo waslyinvestigated in the
visible part of the spectrum (0.40.7 um) owing to the limited spectral sensitivity of the
RAIAGEFE OFYSNIQa / /5@ | ydzYoSNI 2F adSLi
Firstly, the calibration image containing the gard was imported into Imagero® Plus.

The area within the image containing the grey card was manually selected and the
WIA&a023INFYQ (22t dzaSR G2 LINRPRd2OS | KAad?
light intensities within this region. Essenljalthe image is converted to greyscale (colours

removed and replaced with a grey of matching luminance) and the brightness of
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Fig. 4.6. Diagram showing the layout of the local scale albedo experiments. Hollow
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individual pixels assigned into one of 2&5iks; 0 = pure black, 255 = pure white. Since

these data represented the light intensities of an area lessthan kIM0E Sf & 06 (K S
2T AYOUSNBaGQ 6whLO Ay GKS AYF3AS 02y il AyA)
the raw data in Microsa® 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 16). The scaled intensity data were imported into OriginPro® 8 where numerical
integration was perforrad 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 fator was not required since the entire image area was processed. To calculate

Ff 9oSR2 2F (KS RSONR&A &dz2NFIF OSz hy (GKS F2f

.8 80,00
a —10%m391—8t08 (Eq. 4.1)
¢ ¢°

where s and gi; are the integrated values obtained from the glacier surface and grey

card respectively.



Fig. 47. Examples of the clast size classification system used in this ajudyi¢gP34,b) & o
¢P14,c)a negP36, and)d pct Mo d b2 aAiSa oSNB Ot aart¥

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, iessonable 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 chapteHowever, the direct relationship between clast size
and albedo was also investigated. To this end, a sprantitative approach was adopted

in order to classify each of the 60 main sites by the dominant debris size grade present
(using the grain size chkification, outlined by Wentworth (1922)). Due to time
constraints, this classification was not applied to the lexzlle sitesn(= 100), though

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

results). The precisdassifications used were:



1) exclusively fingrained material (i.e. mud, silt, sand);

2) relatively finegrained material (i.e. sandy gravel, gravel, some pebbles);
3) mediumgrade material (i.e. gravel, pebbles, some cobbles);

4) coarsegrained materiali.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.

Fig. 48. Percentage shadowing methodologg) raw greyscale image (P54)) image with
segmentation applied; areas in shadow are highlighted in red; aa) reflectance curve
showing the area attributable to shadowing (maximum reflectance intensity classifie
shadow represented by the red dashed line).



