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FIGURE 5.30: Impact of z,, wind speed and temperature gradient on calculated SHF values.
FIGURE 5.31: Field map of measured thicknesses in 1997 (unpublished map cited in Diolaiuti et al., 20006).

FIGURE 5.32: Comparison of thickness estimates obtained using an energy balance approach z,0.002, air
temperature regression equation 01/08/05 08:00-10:00, b) energy balance approach z, 0.003, air temperature
regression equation 01/08/05 08:00-10:00, c) a empirical linear approach with different equations for each 100 m
elevation band (starting at 1700-1800, up to 2400 — 2500 m) (Mihalcea et al.,2008) T, from 01/08/05 ASTER

image.
FIGURE 5.33: CRNI T; values with different emissivity values applied.

FIGURE 5.34: Debris thickness estimates when a) when different aspect/slope values are used for each pixel, b)
average slope and aspect values are used in the model — both obtained from an orthophoto DEM, with a z, of

0.001 m.

FIGURE 5.35: a) Calculated LWR values, b) debris thickness when LWR is calculated for each ASTER pixel z,
0.016 m, c) debris thickness when LWR is calculated for each ASTER pixel z, 0.03 m, d) debris thickness when
calculated SWR from each pixels slope and aspect is used with the calculated LWR values, z, of 0.016 m used.

FIGURE 5.36: Surface temperatures in a) 29/07/04, b) 01/08/05 from corresponding ASTOS images.

FIGURE 4.37: 27/07/04 Debris thickness with air temperature calculated using 08:00-10:00 equation, a) z, 0.002
m, b) z, 0.003 m.

FIGURE 5.38: Differences between debris thickness estimates in 2005 and 2004, a) z, 0.002 m b) z, 0.003 m.
FIGURE 5.39: Debris thickness maps using the empirical approach of Mihalcea et al., (2008) a) 2005, b) 2004.

FIGURE 6.1: Identification of debris areas showing clear difference between dark debris-covered areas, blue-grey
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(ice) and white (snow) non-debris covered areas, b) manually digitised areas of debris cover, shown in green

(ASTER false colour composite image R:1, G:2, B:3N 14/08/04).

FIGURE 6.2: Field photographs illustrating debris-free areas in the upper reaches of the glacier and also the
problem of snow cover at the upper limit of debris cover, a) Tributary Glacier de Mont Blanc, July 2007, b) upper
limit of debris cover on the Miage June 2005, c) upper limit of debris cover on the Miage June 2006, d) upper limit
of debris cover on the Miage June 2007.

FIGURE 6.3: Processing steps completed for debris extent identification on Landsat TM 10/09/90 image, a)
TM4/TM5 band ratio, with glacier areas white, b) TM4/TM5 band ratio image with threshold of 2 applied,
glaciers white, c) IHS image of TM band 3,4,and 5, d) IHS channel 2 (hue image) with threshold of 126 applied,

therefore, all vegetation removed, e) Slope image showing areas <24° (white), f) debris extent (white).

FIGURE 6.4: Processing steps completed for debris extent identification on ASTER 14/08/04 image , a)
VNIR3/SWIR4 band ratio, with glacier areas white, b) VNIR3/SWIR4 band ratio image with threshold of 2
applied, glaciers white, c¢) IHS image of TM band 3,4,and 5, d) IHS channel 2 (hue image) with threshold of 126

applied, therefore, all vegetation removed, e) Slope image showing areas <24° (white), f) debris extent (white).
FIGURE 6.5: Photograph showing steepness of medial moraines, Miage Glacier.
FIGURE 6.6: 1991 Orthophoto DEM slope map showing high lateral slope angles of the medial moraines.

FIGURE 6.7: Application of different slope angles to the orthophoto DEM (step 5 of semi-automatic.
classification), a) orthophoto with slopes >24° removed, b) debris extent map with slopes>24° excluded applied to
ASTER 2004, c) orthophoto with slopes >30° removed, d) debris extent map with slopes >30° removed applied to
ASTER 2004, e) orthophoto with slopes >45° removed, f) debris extent map with slopes >45° removed applied to
ASTER 2004.

FIGURE 6.8: ASTER DEM a) slope image with all slopes >24° removed, b) debris extent image with ASTER DEM
slope image applied (slopes >24° removed) to semi-automatic method, c) slope image with all slopes >30°
removed, d) debris extent image with ASTER DEM slope image applied (slopes >30° removed) to semi-automatic
method, e) slope image with all slopes >50° removed, f) debris extent image with ASTER DEM slope image

applied (slopes >50° Removed) to semi-automatic method.

FIGURE 6.9: a) 1975satellite image highlighting problems of both corase spatial resolution and snow,b) 2006

ASTER image showing issues of snow and cloud cover which obsure the glacier.

FIGURE 6.10: Debris extent variations, a) manual method 10/09/90, b) semi-automatic method 10/09/90, c)
manual method 14/08/04, d) semi-automatic method 14/08/04.

FIGURE 6.11: Precision analysis of manually digitised debris extents, a) Landsat TM 10/09/90, b) ASTER
14/08/04

FIGURE 6.12: Precision error sources in manual digitising, due to fuzzy boundaries between debris and clean ice.

FIGURE 6.13: Lower reaches a) 2004 debris extent from Paul et al., (2004) method, b) 2004 debris cover
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manually delineated (green debris cover), c) completely covered glacier snout (looking down glacier) June 2006,

d) completely covered glacier snout (looking up valley towards the glacier) August 2007.

FIGURE 6.14: Middle reaches a) 2004 Debris cover of middle reaches using Paul el al. (2004) method, b) 2004
debris cover manually delineated, c) completely covered medial moraine June 2006 (1), d) completely covered

areas away from the medial moraine June 2006 (3), e) bare ice on exposed cliff faces August 2007 (2).

FIGURE 6.15: Upper reaches a) 2004 Debris cover from upper reaches using Paul et al., (2004) method b) debris
cover manually delineated (green = debris, yellow = bare ice), c) bare rock between tributary glaciers — glacier
de Mont Blanc 2005 (1), d)-e) 1990 and 2004 Satellite images showing area of bare rock on the slopes of the
glacier de Mont Blanc appears to look debris covered (area circled in red) , f) medial moraines — debris covered

August 2007 (2).

FIGURE 6.16: Debris cover development of the Miage Glacier between 1770-1940, Key: 1 — Clean ice, 2 —
discontinuous debris cover, 3 — continuous debris cover, 4 — medial moraine, 5 — local rock-avalanche deposit

(Deline, 2005).

FIGURE 7.1: Location of 2005 stakes and 2007 GPS base station on a) 2000 ASTER image, b) 2006 ASTER
image showing geolocational error on 2006 image, c) 2006 (newly georeferenced) images showing removal of

geolocation errors from the 2006 ASTER images.
FIGURE 7.2: Locations of sample points on flat ground and steep terrain.

FIGURE 7.3: Location of sample points and error values found at each site 2005-2006, showing increase in error

where snow, cloud, or shadow from the clouds is present, a) flat terrain, b) steep terrain.

FIGURE 7.4: Analysis of the impact of slope/aspect on elevation errors a) 2000-2004 aspect, b) 2004-2005, 2005-
2006 aspect, c) 2000-2004 slope, d) 2004-2005, 2005-2006 aspect.

FIGURE 7.5: Area of interest a) 2000 and 2004 areas, b) 2005, showing areas where data was excluded due to

obvious distortions in the 3B band which resulted due to the presence of cloud and snow.

FIGURE 7.6: Surface elevation changes a) between 2000-2004 (with annual rates also displayed), b) between
2004-2005.

FIGURE 7.7: Surface elevation changes with all data above 2150 m excluded, and linear regression applied a)
2000-2004, b) 2004-2005.

FIGURE 7.8: Surface elevation changes a) all glacier 2000-2004 annual rates , b) all suitable glacier area 2004-
2005, c) all data up to 2150 m 2000-2004 annual rates, d) all data up to 2150 m 2004-2005 (all negative changes

shown in red, all positive in green.

FIGURE 7.9: Surface velocities between 2004-2005. The Miage Glacier outline is shown to illustrate areas of

zero velocity on the valley sides.

FIGURE 8.1: Rock samples spectral signatures a) little variation between the top and bottom (site Ic), b) clear

variation on each side of the rock (site 10e).
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FIGURE 8.2: Map of geological units in surface debris on Miage glacier (Deline, 2002), Where L0 Rusted debris,
L1 Mount Blanc granite (L1a Coarse grained, L1b medium grained, L1c granite with feldspars), L2 Micro
granite, L3 Gneiss, L4 Schists (L4a Chloroschists, L4b Black crystal schists, L4c Ochreous schists, L4d whist

schists) L5 Ardoisier schist, L6 Quartzites, L7 Amphibolite, L8 tectonic breccias.

FIGURE 8.3: Training sites identified from the 2007 field map of the location of major rock types (R:2, G:3, B:4).
FIGURE 8.4: a) sample of schist collected at site 12D, b) spectral response of sample 12D.

FIGURE 8.5: a) sample of gneiss collected at site 14C, b) spectral response of sample 14C.

FIGURE 8.6: a) sample of rusted debris collected at site 10B, b) spectral response of sample 10B.

FIGURE 8.7: a) sample of slate collected at site 114, b) spectral response of sample 11A.

FIGURE 8.8: a) sample of granite collected at site 74, b) spectral response of sample 7A.

FIGURE 8.9: a) sample of tectonic breccia collected at site 7C, b) spectral response of sample 7C.

FIGURE 8.10: ‘Cut’ dendrogram output for all collected rock samples, where each colour represents a new class
identified manually, a) using their spectral response at all wavelengths of the spectroradiometer, b) ASTER bands
1-9.

FIGURE 8.11: Supervised classification outputs with the slope class removed.

FIGURE 8.12: Photograph of lower transect area in 2006 showing presence of schist and gneiss (along with other

rock types), with corresponding extract from classified image suggesting schist dominates the same region.

FIGURE 8.13: Unsupervised classification of rock type distribution.

212

213

216

216

217

217

217

218

219

222

226

227



Xviii

LIST OF EQUATIONS

EQUATION 2.1: Thermal conductivity (K)

EQUATION 2.2: Thermal resistance (Tr)

EQUATION 2.3: Thermal diffusivity (Tdf)

EQUATION 2.4: Conductive heat flux (COND)

EQUATION 2.5: Semi-automatic debris-covered glacier boundary mapping on Landsat TM data
EQUATION 2.6: Semi-automatic debris-covered glacier boundary mapping on ASTER data
EQUATION 2.7: Surface energy balance of a glacier

EQUATION 2.8: Surface energy balance of a debris-covered glacier

EQUATION 2.9-2.13:SWR

EQUATION 2.14-2.16: LWR

EQUATION 2.17: SHF

EQUATION 2.18-2.19: Bulk Richardson number

EQUATION 2.20: Energy from precipitation

EQUATION 2.21: Change in heat store

EQUATION 2.22: Calculating melt

EQUATION 2.23-2.26: Nakawo and Young (1981) energy balance equation

EQUATION 2.27-2.29: Nicholson and Benn (2006) LHF and SHF calculation

EQUATION 5.1: Linear regression equation for calculating debris thickness

EQUATION 5.2: Quadratic regression equation for calculating debris thickness
EQUATION 5.3: Simplified energy balance model for debris-covered glaciers

EQUATION 5.4: Equation to estimate debris thickness

EQUATION 5.5: Air temperature regression equation using radiative temperature
EQUATION 5.6: 08:00 - 10:00 air temperature regression equation using radiative temperature (01/08/05)

EQUATION 5.7-5.14: Mihalcea et al., (2008) regression equations to estimate debris thickness from surface

temperature data, each equation applicable at 100 m elevation bands

EQUATION 5.15: Estimating upwelling LWR

Page
15
16
17
18
30
30
37
37
38
39
41
43
45
45
46
47
50
110
110
112
117
121
123

137

146



XiX

TERMINOLOGY

A

A = Dimensionless transfer coefficient

A’ = Aspect of the slope (degrees)

Ab = Ablation (m)

Ac = Linear coefficient

OT,= Average rate of temperature change (K s

ot

a = Stability correction constant

*a = Surface albedo

*a »= Mean albedo of the snowpack

ASTOR = change in heat store (W m™ or M J m?)

ASTER = Advanced Spacebourne Thermal Emission and Reflectance radiometer
AVP = Air vapour pressure (kPa)

AWS = automatic weather station

B

B = Coefficient of heat transfer (4.89 J m™ deg ™)

Cc

¢ = Specific heat capacity of air at constant pressure (1.0 J kg™ deg ™)
COND = Conductive heat flux (W m )

C,» = Specific heat capacity of water (4200 J kg deg ™)

¢.= density of material (Kg m™)

D

d = Debris thickness (m)

D = Bulk exchange/transfer coefficient (J m™ K™)

D= Diffuse fraction of total incoming shortwave radiation (Wm?)
E

&* = Effective emissivity of the sky

e, = Vapour pressure in the air (Pa)

ep = empirical constant (stability correction constant)
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e, = Vapour pressure at debris surface (Pa)

&o= Clear sky emissivity (8.733 x 10~ Ta 0.788)
E

F = Radiation heat flux (Wm?)

G

g = Acceleration due to gravity (9.8 m™” s?)

G = Global radiation flux (W m™)

K

k = von Karmans constant (0.40; Oke 1987)

ke = Constant depending upon cloud type (0.26 = mean value for altostratus, altocumulus, stratocumulus, stratus, and

cumulus)

K = Thermal conductivity (Wm™ K™)

L

L =Monin-Obukhov stability length scale

L. = Latent heat of evaporation of water (2.49 x 10 ® T kg™)

L;= latent heat fusion of ice (3.34 10° J Kg™")

LHF = Latent heat flux (W m™)

LPDAAC = Land Processes Distributed Active Archive Centre

LWR| = Incoming long wave radiation (W m?)

LWR? = Out going long wave radiation (W m?)

LWR = Longwave radiation flux (W m™)

LWS = Lower weather station

M

M = Total radiance from the surface of a material W m™

MELT = Sub-tephra ice melt rate over unit of time (mm w.e. per hour)
N

n = Cloud cover (value ranging 0.0-1.0, where 1 complete cloud cover, 0 no cloud cover)
P

P = Air pressure at the site (Pa)

pa= Air density (kg m™)
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Po = Standard air pressure at sea level (1.0.13 x 10° Pa)

po = Density of the air at standard sea-level pressure (1.29 kgm )
PRE = Energy from precipitation

pw = Density of water (1000 kg/m™)

pt = Density of a material (Kg m™)

R

r = Rainfall rate (mm hr™")

R = Thermal resistance (K m* W)

Rb = Richardson number

RH = Relative humidity (%)

S

SA = Solar azimuth (degrees)

SHF = Sensible heat flux (W m™)

Shi = Stake height in the first month (m)

Sh2 = Stake height in the second month (m)

o= Stefan-Boltzmann constant 5.6697 x 10® Wm™ K*

SWR| = Incoming short wave radiation (W m™)

SWR? = Out going short wave radiation (W m?)

SWR = Radiation flux (W m™)

SWR'n = Equivalent radiation received by a surface (Wm™)

SWR| dif = Diffuse component of incoming shortwave radiation (Wm™)
SWR| dir = Direct component of incoming shortwave radiation (Wm™)
SWR; = Diffuse fraction of total incoming shortwave radiation (Wm™)
SWR’ = Incoming shortwave radiation measured in a horizontal plane (Wm™)
I

T = Absolute temperature (K)

T, )= Absolute air temperature (K)

T, = Air temperature (°C)

Td = Temperature difference (°C)

Tdf = Thermal diffusivity (m”s” x10 )
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T,;= Temperature at debris-ice interface (°C)
T;= Ice temperature (°C)

Tr = Thermal resistance (m* deg W)

T, = Temperature of rainfall (°C)

T,= Surface temperature (°C)

T, = Air temperature (K) at height z (m)

yU

u = Wind speed (m s™)

u. = Mean wind speed at height z (M*")
UWS = Upper weather station

W

Am= Wavelength of maximum spectral radiant exitance (um)
Z

7,= Measurement height (m)

z,= Aerodynamic roughness length (m)

z, = Roughness length for temperature (m)

Z’ = Angle of slope from the horizontal (degrees)

Z = Angle of sun above horizon (degrees)
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ABSTRACT

Utilisation of remote sensing for the study of debris-covered glaciers: development and testing of
techniques on Miage Glacier, Italian Alps

An increase in the number of debris-covered glaciers and expansion of debris cover across many glaciers
has been documented in many of the world’s major glacierised mountain ranges over the last 100 years.
Debris cover has a profound impact on glacier mass balance with thick layers insulating the underlying ice
and dramatically reducing ablation, while thin or patchy cover accelerates ablation through albedo
reduction. Few debris-covered glaciers have been studied in comparison with ‘clean’ glaciers and their
response to climatic change is uncertain. Remote sensing, integrated with field data, offers a powerful but
as yet unrealised tool for studying and monitoring changes in debris-covered glaciers. Hence, this thesis
focuses on two key aims: 1) to test the utility of visible/near infrared satellite sensors, such as TERRA
ASTER, for studying debris-covered glaciers; ii) to develop techniques to fully exploit the capability of

these satellite sensors to extract useful information, and monitor changes over time.

Research was focused on four interrelated studies at the Miage Glacier, in the Italian Alps. First, a new
method of extracting debris-thickness patterns from ASTER thermal-band imagery was developed, based
on a physical energy-balance model for a debris surface. The method was found to be more accurate than
previous empirical approaches, when compared with field thickness measurements, and has the potential
advantage of transferability to other sites. The high spatial variability of 2 m air temperature, which does
not conform to a standard lapse rate, presents a difficulty for this approach and was identified as an
important area for future research. Secondly, ASTER and Landsat TM data are used to map debris-cover
extent and its change over time using several different methods. A number of problems were encountered
in mapping debris extent including cloud cover and snow confusion, spatial resolution, and identifying the
boundary between continuous and sporadic debris. Analysis of two images in late summer 1990 and 2004
revealed only a small up glacier increase in debris cover has occurred, confirming other work’s conclusions

that the debris cover on Miage Glacier increased to its present extent prior to the 1990s.

A third area of research used ASTER DEMs to monitor surface elevation changes of the Miage Glacier
over time to update previous studies. Surface velocities on the glacier tongue were also calculated between
2004-2005 using feature-tracking of ASTER orthorectified visible band imagery and ASTER DEMs.
However, ASTER DEMs were found to be rather poor for both applications due to large elevation errors in

topographically rough parts of the glacier, which prevented a full analysis and comparison of results to
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previous surface elevation and velocity studies. Finally, the lithological units of the debris cover were
mapped, based on the spectral differences of different rock types in the debris layer, providing information
both on the location and concentration of different rock types on the surface. Therefore, the identification
in the variation in emissivity throughout the glacier surface can be identified, which in turn has an impact

upon calculated surface temperatures and ablation respectively.

Overall, this research presents a significant contribution to understanding the impact of a debris layer on an
alpine glacier, which is an area of key interest and current focus of many present glaciological studies.
Since future glacial monitoring will increasingly have to consider supraglacial debris cover as a common
occurrence, due to climate warming impacts of glacial retreat and permafrost melting. This contribution is
achieved through the successful application of methods which utilise ASTER data to estimate debris
thickness and debris extent, and the lithological mapping of debris cover. Therefore, the potential for
incorporating these remote sensing techniques for debris-covered glaciers into current global glacier
monitoring programs has been highlighted. However the utility of ASTER derived DEMs for surface
elevation change analysis and surface velocity estimations in a study site of steep and varied terrain has

been identified as questionable, due to issues of ASTER DEM accuracy in these regions.



