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Abstract

Glacial valleys are fundamental largeale geomorphological landscape features that
dissect mountain ranges. Their cresstional shape is recognised as distinct from fluvial

grttSead ¢KSe RSOSt 28K IAYSIRQ (K-S  (ISRLIAFGH I 3G 2y
intensity and duration to which the valley has been exposed to glacial processes. Factors

Ay adzOK W! Caverbed RlateditdvciBngAtd, lithiology and tectonic settings.

This thesis presents a semitomated Gl$ased method for systematically measuring
valley crosssections over large areas such as across mountain divides and small
mountain ranges like the Pymees. When compared to the traditional haddawn
transect method the serrutomated method produced an equivalent of 857,781
transects; a 1,000 fold increase in data previously reported. Descriptive statistics are
provided on crossectional area, form t&@ and a measure of the tendency to a
parabolic form lp-value) for 21,412 valleys sampled from Patagonia, the Southern Alps,

New Zealand and the Pyrenees.

By measuring the actual shape and size of valley @estions in large quantities and
relating the data to proxies for ice residence time and flux, as well as landscape
characteristics such as valley floor slope, climatic effects, tectonic uplift and lithology,
insights into glacial processes and valley development were gained. To further
understand hav relationships varied spatially, Geographical Weighted Regression (a
local scale statistical technique) was used in the sample areas. Results show that more
intense and prolonged glaciation yields large, wide parabolic valley-seati®ns, in
contrast b predominant paradigm of valley deepening. A major finding was a link
between valley crossectional widening and the flattening of the valley longitudinal

profile.
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1. Introduction

1.1. Introduction

Mountain landscapes ara result of tectonic uplift anérosioral processesBefore the
realisation that erosion unloads mountains and therefore contributes itself to uplift,
tectonics and erosion were largely viewed separately, as rdiftedisciplines. It was
thought thatinitially uplift took place which is followed byownwearingdue to glacial,
fluvial and hillslpe erosional processéBavis, 1899)Thetype of erosional processr
combination of erosional processesnd their intensity is dependent on climate
conditions(i.e. rainfall intensity; presence of stabilising vegetation; glacial verses fluvial

regimes) With changes in climatshifts inerosional processes occur.

Current research has shown that uplift, erosion and climate are intrinsically linked.
Examples of this include the hypothesis tlatreased erosion can change climate by
accelerating uplift and mountain range height, disrupting weather patterns rrgat
cooler, stormier conditiongMolnar & England, 1990Mountainrangescan alsadeflect
westerly circulation patterngManabe & Terpstra, 1974)nd dictate monsoon patterns
and intensity (Kutzbachet al, 1993) In addition chemical weathering has been
attributed to global/ h i R NJasdR<2thieséfore a control on climag@umpet al,,
2000)

In the notion that uplift, climate and erosion took place in isolation, erosional processes

were thought tohave fluctuated between glaciallyainated and fluvially dominated

regimes (i.e. transitions between glaciations and interglamiesj due to Milankovitch

/| @0t SAT QI NRAIFIGA2Y A Ay (K®upled vikliskeddm mare&NdD A G @ ¢ |
complex and interactive system where uplift, climate and erosion exist as a linked

system with feedback mechanisnfthis has been modelled by Brawet al, 1999;

Tomkin & Braun, 2002; Broekiurst & Whipple, 2006; Egholet al., 2009) However

conclusionson feedback mechanismare contradictory. For example researon the

influence of erosion taplift has proposed thagreatererosionincreasegelief due to

isostatic uplift((Molnar & England, 1990K 2 6 S@SNJ (G KS 4hddnfinfidales o6dzl T &I
that glacial erosionimits reliefo . N2 ketZl@ 1967) Whilst Magregoret al. (2000)
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1. Introduction

lowers therelief and henceaccumulation area reducing net mass balance and the

opportunity for glaciergo form.

Given the interactions mentioned above it is clear that landscaoasot evolve in the

old Davsiana S1j dzZSy OS LR NINI&@SR Ay GKS a3S23aNI LKAOKE O
erosion (Davis, 1899)The complex interactios between climate, uplift and erosion

form the landscapes that are observech darth today. Feedbacks ensuréhat the

landscapsitself influences howit continues toevolve A clue toa landscap@ evolution

is the morphology of the landscape which is ldfehind This isa signature of the

processes which fored it and the geology wich resisted these processes.

Interpretation of this signature is key to unlocking theechanisms which influence

landscape evolution and the timescales involved.

1.2. Glacialandscapeamorphology

There are a number of wayiea which the above topic can be tdekl. These include
numerical modellinde.g. Braun & Sambridge, 199)d measuring rates of uplift and
downwearing (Cosmogenicisotope analysis (e.g. Fabel et al, 2004) and
thermochranology (e.g.Ehlers & Farley, 2003Another approaclis usingprocessbased
studies to derive empiricand theoretical relationships. For exampégosion rates by
glacialabrasion were reviewed by Hall¢1979)and used in mode)ssuch asHarbor
(1992) on valley shape developmernother way to assess erosaiprocesses, as well
as erosion rates, and the apach used in this thesis, is the exploitationlafidscape
shape,which has a long history of investigatige.g. McGee, 1883; Svensson, 1959)
Glacial features left behindis imprints on the landscapean indicate past ice extent
and the intensity of glaciations, anmay provide anopportunity to understandthe
processes whicltreated them fromthe examination oflandscape formBy studying
glacial geomorphologyadvances have been made in thenderstanding ofglacial

processes.

1.3. TheV toU-Shaped valleparadigm

As long ago asn the 1880s geomorphologists thought to use valley shape as an

indicator of tre processes which operatdcGee, 1883; , 1894t has been intuitively
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known and accepted by glacial geomorphologists whethealtey has been glaciated
based onits size and shap@-igurel.l). This inferenceon the natureof the processes
from the observed valley shape is a significant connection. Butflakgal and glacial

valleys reall different and howstrong is the connection between process and shape?

Figurel.1l Glencoe in the Scottish Highlands showing distinct glacial characterstids
as a broad and deep-thlley form with tuncated spurs, hanging valleys and a stee|
longitudinal profile.

Valleys aregenerallycategorised into twosimpleforms, the Vshape of fluvial valleys
and a distinctive k$hape of glacially eroded valleysisimportant to note thatdespite
geomorghologists making clear distinctions between glacial and fluvial vabéiisugh

it is possibldo observe a valley under predominately fluvial procesaeglacial valley is
only generally observedafter deglaciation and thereforsubject to fluvial aswell as
periglacial and hillslope process€onsequentlyit isnot generally possible to observe a
glacial valley under entirely glacial processesthe valley isalreadyevolving back to a
fluvial form. espite this the imprint of anintensive or préonged glacialepisode
remains marked for a substantial geological timeschHles proposed that alpine glaciers
generally exploit existing valleys created by fluvial procegsegressively modifying
the valley shape into a \I'he process of alteng vdleys to a more glacidbrm gives an

indication of the intensity and timescale the landscape tnadergone glaciationas well
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as the geological resistance to glacial erosldatbor(1992)modelled the evolution of
the Ushaped valley from a-$hape showing that ichad the ability torapidly modify
the valley shape and enhance valley de@kddicket al. (2009)replicatedthese results
but questoned whether all the processes are correctly constrained in the model as
valley widening does not occuyet it is clearly evident in certain landscapg@such
wider and shallower glacial valleygarticularlytowards the polesanddespite efforts

to recreate these conditions the model fails to reproduce this landscape scenario.

A furtheradvancement in modelling includgrojects to model the evolution of whole
landscapegi.e. mountain chainsyver time by incorporating the manyqgresses which

form landscapes. These landscape evolution models have helped to increase the
understanding of how landscapes change over long times¢algs Kooi & Beaumont,
1994) Not until more recently were glacial processes incorporated sotthmodels and
mountain ranges recreated in a modelling environmdBraunet al, 1999) These
alpine landscape evolution models have givesight into how a cycle of glaciations can
impact a landscapgTomkin & Braun, 2002)in order to verify whether the model
outputs are valid interpretations it is important that they are compared to real
landscapes. Currently few model outputs have bealibrated ortested against glacial
landscapes observed around the globe todayhere are a couple of notable
expectations (Brocklehurst & Wipple, 2006; Egholrat al., 2009) One studycalibrated

valley longitudinal profiles to modelled profilem the Sierra Nevada mountains, USA
(Brocklehurst & Whipple, 2006)whilst a secondused a comparison of global
hypsometric datato test a modelled landsape with real landscapes found around the
globe (Egholm et al, 2009) However these studies remain the exception.An
explanation for this is that there is a lack of an accessible geomorphological dataset or
method for analysing gemorphology over large areas which is efficient to apply. So, as

yet, many landscape evolution models remain untested.

As one of the largest scale glacial features, together with cirques, arétes and herns, U
shaped valleys are a fundamental relief charastee in mountain rangescontrolling

the evacuation of iceand are evidence of huge amounts of material being exhumed,
which has been shown to coitute to isostatic uplift. Theisize and shape is a
signature of glaciation and therefgran indicatorof the landscap@ history. U-shape
valleys, with their unique form, coultherefore provide a geomorphological tedor
model outputs If largescale features such as 4haped valleys can be accurately

recreated by landscape evolution modelling, the camalion of process physics in the

4
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model could be concluded to @ausible and the model outputs and outcomes would
become a more reliable source for understanding the develamnod landscapes over
long timescales. For this to happetandscape evolutiormodels must be rigorously

tested against real landscapes, without this their true potential cannot be realised.

If it is true that valley shape records the process of ergsamd its intensity and
duration, then the final valley shape we find today shiulontain this erosional history.
Because mountain ranges and glaciations have core areas &dphery,there should

be a pattern of spatial variability. As we mowway from the centre of the mountain

range valleys shouldchange fromJ-shapel to V-shgped.

1.4. Valleycrosssectioral profile

Although U-shapel valleys have dongitudinal profile which is distindrom a fluvial
valley, the crossectional profile not only gives the landforits nhame but is easily
observed(Figurel.2). Attempts to deiine the crosssectional profilestarted when Davis
(1916) described its form as caterary curveand then mathematically by Svensson
(1959)who thought that a parabola was the best approximatioBther morphmetric
studies havebeen used to classify the Shaped valley crogwofile, notable by Graf

(1970)who emphasisd the importance of form rati¢depth/ width) as a measure.
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Figure 1.2 lllustrations of a idealisedfluvial landscape (a) andnaidealisedrecently
deglaciated landscape (bfrosssectional profiles of areal V-shaped valley (c) found i
fluvial landscapes andraal U-shaped valley (d) associated with glacial landscapes.

1.5. Advances in technology and availability of data

The method for measuring therosssectioral profile of aU-shgped valley has not
developed since the first crogsofiles were studied It involves little more than
extracting elevations at set points along individumhnsects Developments in
Geographical Information Systems (GIS) in recent years and the greaitbdity of
Digital Elevation Models (DEVhas created an gyortunity to take a much neestl step

in the analysis of largscale geomorphologynd particularly valleycrosssectiors.
Advances in computation power and the ability of software to handigela@uantities of
data mean thatthe technologyhas the capability to analyse many valleys; potentially
whole mountain ranges. Theide accessibility ofree DEM data is now a powerful

resource
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1.6. Summary

As one of the largest features of a glacial landscépshapel valleys are important in
determining landscape history and exhumation rates and consequently isostatic uplift.
U-shapeal valleys areherefore integral to the evolution of a landscamd the Earth
system as a wholeAdvances in technology and tlailability of datahave presented

the opportunity to examineglacial valleycrosssectiors over large areas andxplore

spatial variability in valley shape and size

1.7. ResearchAim

The aim of this theis is to take a new dataich approach to investigatehe cross
sectional size and shape characteristics of glacial valleys and assess their spatial
variability. A key aim is to derive and use a means of assessing valley shape
continuously along valleys rather than sampling selected crssstions. The main
purposeis to quantify valley shape to assist comparison with simulationsLaindscape

Evolution Modelling and seek underlying controls.

To explore controls on valley morphology it is possible to take several approaches. One
approach is to model the evolon of a landscapeThe advantagéere is that the
drivers which control the change of the modelled landscape are known and can be
systemically altered in line with the desired experimeritais enabling comparisons to

be made, e.gthe effect of two diffeent lithologies on valley formHowever, it is
difficult to know whether the experiment outcomes represent the true complexity of
real world landscape scenarios; wheth@ocess formulations are sufficient to capture
real world behaviour andf all the important feedbacks which exist have been
incorporated. Other approaches involve the study of real landscapes to deduce the
processes wich they have undergone. Thmeorphology of a landscape can give clues to
this. However, as often is the case when dealimgh the real world, complex
interactions mean thatt is often difficult to isolatecontrolling variables. & exampé,

when selecting two areas to makemparisors between lithology there may also be an
inadvertent differenceof climate as well. Then the is also the question of scale. When
investigating valley crossections, the study of single valleys enables possible controls
on eosion to be scrutinised idetail, e.g. lithological data on rock hardness and joint

spacing collected in the field. Attugh the d&a collected in such studies might loé a
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high quality it is only feasibléo conduct such studies over a limited sample area and it

is still impossible t@ntirely constrain conditionainlike inmodelling Another approach
using real landsqees is to take a broam-brush approach, wherenany hundreds of
valleys are analysed over whole mountain ranges, enabling a large dataset to be
collected. This approach is used in this thesis. By dem@ ishoped that common
themes may become evidenhtough the large volumes adata When analysing a
landscape characteristic, such ealley crossection morphologyacross large areadt
becomes even more difficult to select sample areas which fit experiahamiteria
where results can be interpretednd compared. It is therefore important that any
interpretations are carefully considered in the context of the mountain environments

used in the experiment.

Detailed thesis objaives are outlined inSection 3.6 aftethe thesis motivations and

founding ©ncepts are defined.

1.8. Thesis Outline

This thesis consists of nine chapters which are divided into three principle sections:
Section A(Chapter 1 an®) ¢ Understanding othe researchiche

Section Aincludes the current chapteiChapter 1 which intoduces theories on the
impact oflargescalegeomorphology on the Earth system ahigihlightsthe inadequate
research in tshaped valleys to dateChapter 2analyses in detail the developments in

research in this area byeviewing the literatureandgapsin the research are discussed.
Section B (Chapters 3, 4 aBjic Tackling the research gap

Section Bdeals with the spcifics of how this thesisroduces results whicbontribute to
the understanding of the V tb-shapeal valley paradigm. I€hapter 3a strategy for the
thesis is outlined. Chapter 4 details the semautomated method developed for
analysing vallegrosssectioral profiles The study areas the method is applied dace

described and justified i€hapter 5
Section C (Chapter 6, 7, 8 aji¢ Results and their implication.

Section Canalyses the datet created by the method detailed i€hapter 4when it is

applied to the sample areaghapter 5. In Chapter 6the results from entire sample

8
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areas areanalysed Results are then analysed fopatial variability and patterns in
Chapter 7 Finally, Chaptes 8 and 9 comprise the dcussionof the results and
conclusios drawn from themThe implicatios of the results are discussed and avenues

for further researchare suggested.
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1.

Introduction



2. A review of assessment and understanding of

glacial valley crossectional shape

2.1. Introduction

This chapter reviews theelevant research on glacial valley cressctional shape to

date. When glacial valley form is referred to here it is solely concerning valley cros
section shape and size. The chapter begins by looking at the initial observations of glacial
valleys and the recognition that they might develop toidealised form. It progresses

onto research which hasmathematicallydescribedvalley shape and summasés the
extent to which valley cross profiles have been assessed. A section touches on glacial
erosion process theory in order to contextualise the modelling of individual valleys and
whole landscapes in the form of landscape evolution models. Advancefati
collection and manipulation are reviewed and related to specific use in the
measurement of valleys. Throughout each section the literature is tackled in broadly
chronological order. Finally, gaps in current research are identified and the possibility

resolve them using further advances in technology are highlighted.

2.2. Concept and basis for glacial valleys having a distinct

crosssectional shape

2.2.1.The beginnings of glacial geomorphology

It was Louis Agassiz in 1837 who first proposed that ice had beea extensive in the

past. He achieved this advance in glaciological understanding through identifying
depositional glacial phenomena and geomorphology, such as erratics and moraines. It

was not until much later that the ability for glaciers to erode thedscape which they

occupied was recognizeRamsay, 1859, cited in Harbor, 198%akirg a bold

statement, Ramsa1859, cited in Harbor, 198®% S Of  NER a UG KF G €t 3t OA
GKSAN) 0SR o0& SNRaA2ydeé 1S ARSYGAFTASR GKI
depressions which, once deglaciation occurred, formed lakes such as Llyn Ogwen in

11



2. Areview of glacial valley cressctional shape

Snowdonia (Ramsay, 1859, cited in Harbor, 1989%s an interest in glacial
geomorphology gathered pace it was not long before the distinct shapeaoiagivalley
cross profiles s chronicled. Campbel{1865) had a unique approacin describing
landforms, using letters in the alphabet to explain geomorphology and depicted a
glacial valley as a U. But McGE883, 1894)was the first to compare differences
between the crossectional shape of flual and glacial valleys. He described glacial
gl £t Sea -sBhapedr&terntidn ¥haped incrossINE FAf S¢ ® LYONBRAOGE &3 ¢
same document, McGegl894)set out to give process explanations for theshhpe
through erosion laws and ice flow knowledge. This was met with much scepticism from
the growing glacial geomorphological research commurfidarbor, 1989) In the
subsequent years much debate centred on the degree to which glaciers altered valleys
by erosion, with the majority of geomorphologists, including McGee, believing that
glaciers modified fluvial valleys and there was little wattierosion(Harbor, 1989) The
description of a kkhaped valley did not gain further attention until DayE916)
described the crossectional valley shape as a catenary curve. And much kit
Svensson (1959) proposed crossectional valley shape was best described
mathematically as a parabol&igure 2.1 shows thee real valleys with catenary,
parabola and kshape curves. Observations show that all curves can be observed in

valley forms.

12
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Figure2.1 (a) Shows a valley in Svalbard and belovater@ary curve with the equatior
® A AT ©Ewhere theaconstant is given a value of 5. (b) shows the Resa valley

on Arran, Scotlandt appears to show a parabolic form illustrated in the graph belo
which depicts the powelaw curvew ow , where thea coefficient has a value of 0.
and the b-value is 2. Finally (c) shows Yosemite valley, California, USA and bel
photograph is the letter U which matches the valley form.

2.2.2.W1a K | Ld&sEription still prevails

Initial valley dscriptions were derived purely from observations rather than
measurements. Subsequent analysis of valley esestions involved quantifying valley
LINETAE Sa (28Kl A0T REEONKOSR AYy CAIdINBE HOMOD
along a glacial vaNewhere the Ushape was best represented. Any process theory
regarding valley cross profiles attempted to recreate thasHape rather than the U
shape concept being underpinned by process theory. Despite Da®%$6) and

{ @Sy a &95¢9)@dfinitions of a glacial valley cresection most modern day
descriptions still refer to the dhape of glaciated valleys. No doubt the continued use of
this term isdue to it being easy to visuadi@nd relate to observed valleys. It is a concept
which has stood for over 100 years, becoming deeply entrenched in glacial
geomorphology and assumed as giverecéhtly, esearch has worked towards
recreating a kkhaped valley through process theoayd relating outcomes to real
landscape forms adopted by glatd valleyshas been done with varying succesks
seems long overdue that the glacial valley cresstion is reexamined in order to see

whether this is an accurate interpretation of valley form. Analysis of spatial variability

13



2. Areview of glacial valley cressctional shape

can also be examined tawg insight into glacial processes and the timescales in which

they operate.

The crosssectional valley form has been used to infer valley evolution. The transition
from a fluvial Mform to a more Ushape occursver glacial cycles and a wdkveloped
U-shape is thought to be a result of a prolonged and/or intense glaciafidarbor,
1992) In combination with the evolution of valley crepsofiles, stulies on the
development of the valley longitudinal profile have looked at the change of a graded
fluvial valley to a typical glacial valley which, characteristically, has a steep valley
headwall whilst the valley flattens downstreafiMacGregoret al., 2000) An intensely
glaciated valley cannot onlyave a flattened valley profile buan in fact erode below

the base leveto create an overdeepened valley flo@hoemaker, 1986)

Overdeepeningsre steps in the valley longitudinal profile. Thae a unique feature of
glacial valleys as fluvial processes do not have the ability to erode belobhageslevel
(Swift et al. 2008, Shoemaker, 1986). They are found whkaaalerosion is intense, for
example at ice convergences (Hall & Glasser, 2003, Shoemaker, 1986, daghiako
2008). Shoemaker(1986) found that overdeepenings have not only been associated
with converging flow but also with where the ice subsequently diverggsds area
geomorphological manifestation of overdeepegias sunken valleys. Sveftal. (2008)
found in East Greenland that overdeepenings were connected to lithology. Highly
resistance lithology was associated overdeepenings and this was attributed to the
valleys, which had dgenarrow crosssections, not being an efficient form for ice flow.
Whilst valleys in less resistant lithologies having wide, relatively shallow valley cross
profiles, which is most effective for the evacuation of ice and therefore were less likely

to erodebelow their bas levels.

Is it really true that glacial valleys aresbaped? And if so, what does variation in cross

sectional valley measures tell us about glaciations and glacial processes?

14
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2.3. Descriptors of valley shape

2.3.1.The Powetaw equation

Svenssof f1959)description of valley crossections as parabolic was part of a wider
movement which aimed to quantify geomorphology and developed into a discipline
known as geomgrhometry. Geomorphometry can be divided into two categories,
specific and generglEvans, 1972)the former addressing spéici landforms and the
latter evaluating the continuous land surface. The investigation of egessonal valley

profiles falls into the specific category of geomorphometry.

Svenssor(1959)suggested that the form of a valley cross profile followed a parabolic
curve. This idea was determined by measurements taken from three-sexsi®ns in

the Lapporten valley, Norway. The cresstion measurements were then averaged to
give two results, one for the lefihand side of the valley and one for the right. A power

law equation was usefBvensson, 1959)
®W W [2.1]

where thex s the horizontal direction and thgthe vertical direction. To determine the
a coefficient ar b exponent the power lavean betransformed into its logarithmic form

so that a least squared linear regression can be fitted to the empirical data.
add add Q& [2.2]

The a coefficient indicates the breadth of the valley floor whilst theexponent,
commonly called théb-value, determines whether the valley has a parabolic form by
signifying the steepness of the vallsides. It is therefore thé-value which is often
thought of as the extent of glacial erosion on a valley. In numerical tetmagsadue of 1
indicates a perfect \8hape Figure2.2) whilst values greater than d concaveupwards
curve fFigure2.3) and values less than 1 a conwgwards curve(Wheeler, 1984)
Vdues close to 2 indicate the parabolic form thought to be adopted by a glaciated valley
(Figure2.3).
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16 -
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Figure 2.2 The power law where thd- Figure2.3 The powedaw curve with ab-
value is 1. This is ed to represent a fluvia value of 2. Svensso1959) used this to
GHAKFLISRE GrHttSeao NELINBASY (-aKI BIEROA D

2.3.2.Powerlaw limitations
Criticisms of the powelaw equation are based around three main problethgse are

summarised by Pattyn arMdan Huel€1998)as;

1. The curve is only fitted to each side of the valley individually because negative x
values cannot be used. Therefaitee complete valley crossectionis not fully
consideredWheeler, 1984; Harbor, 1992)

2. The datum problem relates to the curve being forced to pass through tiigino
of the coordinate system (i.e. x=0, y=0) as negativalyes cannot be used
(Wheeler, 1984)

3. Logarithmic transformation biasccurs, inthat the best fit curve is biased to

favour points close to the origin of the coordinate syst@iarbor, 1992)

An additional concern has been expredgegarding the fit of the parabolic curve in that

it may be influenced by fill at the valley bottofwheeler, 1984; Harbor, 1992)

2.3.3.The datum problem

As stated above, both negative x andvalues cannot be used in the powem
equation. This is overcome for theaxis by fitting a power curve to each side of the
valley. Howeve regarding the y axis, the power curve is forced through the origin (the
present day valley floor). There as two concerns with using the origin for-tlagugs.

The firstconcernsthe values chosen for the-gxis, and consequently where the zero
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datum {.e. x=0, y=0) is locate@@vheeler, 1984)and whether the present day valley
floor (Svensson, 1959; Graf, 19)sealevel is used as the zedatum (Doornkamp &
King, 1971) Testingshowed large discrepancieshrvalues depending on whether local
valley relief (i.e. present day valley floors)alevation above setevel is used for the
coordinate systenfWheeler, 1984; James, 1996&ading Wheele(1984)to suggest the

quadratic equation is used as an alternative:
A O OO @ [2.3]

The advantage of using this curve is that the complete eseson can be evaluated,
rather than individualalley sides. Thisombined with the fact that it is not significantly
constrained in either directionas the curve can extend below the valley bottom

therefore meansthe datum problem is not of such a concern.

Using a quadratic solution also overcasnie secondary concern that the present day
valley floor used as the zedatum in many powetaw calculations is influenced by
postglacial depositional fill, which raises and flattens the valley f{§dheeler, 1984)

As a conseguence the derivbdralues maype exaggerated due to the greater curvature
of the power curve where it is forced through an artificially high datum p@vteeler,
1984) The quadratic equation allows for the extrapolation of the valley floor and sides

beneath glacial deposits at the bottom of the val({@yheeler, 1984)

However, when using the quadratic equation, interpretation of the coefficients is not as
straightforward as with the powelaw (Pattyn & Decleir, 1995)n addition, a major
drawback to this approach the assumption that the curve is parabo(idarbor, 1992;
Pattyn & Decleir, 1995Analysis using the pow#aw shows that many valleys are not
parabolic(Svensson, 1959; Graf, 1970; Doornkamp & Kifg@1; Aniya & Welch, 1981;
Hirano & Aniya, 1988)As an alternative to the quadratic equation but still
circumventing the datum problem Aniya and We(@981)used different datum points,
repeating the powetaw for each in order to fine tha andb coefficients which had the

best fit. Adrawbackof this trial and error method is that is time consuming.

2.3.4.Powerlaw logarithmic transformation bias
Harbor and Wheelef1992)argue that the logarithmic transformation ofi¢ powerlaw
equation is of much greater concern than the datum problem. The transformation

creates a bias to fitting of the curve to the data points closest to the centre of the valley.
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This is not only a problem in its own right as regression coeffciem biased to the few

data points near the centre of the valley, but these data points are more likely to be
AYyFEdzSYyOSR o6& 3t OALf RSLRaAldA2YyS B6KAOK |t GSN
solution to this is to consider each profile separately aachove data points close to

the valley centre(James, 1996pr to use a correction factor when restoring the

logarithmic transformation to the poweaw (Jansson, 1985)

2.3.5.The general powelaw

To resolve the limitgons of the powedaw, Pattyn and/an Huelg1998)and Pattyn and
Decleir(1995)proposed the general powdaw. The general powdaw eliminates the
logarithmic transformation bias and minimises the error between the empirical data and

the curve. The general powdaw is given by:
W 0 OW WS [2.4]

wherew , w are the coordinates of the origin of the cregofile. The solution is found
through the logarithmic general leasguares adjustment. Their tests showed high
sensitivity of the powetaw to origin coordinates whilst the general powlaw was able

to consistently resolve the datum problem. Another advantage of this equation istthat i
can handle whole valley profiles instead of tackling individual valley sides. Although the
reported test results appear convincing, the only valley cross profile used to test this
eguation was very symmetrical in form and it is questionable whether semlits could

be achieved on commonly observed asymmetrical valleys.

Despite the criticisms of the powdaw (Wheeler, 1984; Harbor, 1992; Pattyn & Van
Huele, 1998and the various alternatives suggest@hiya & Welch, 1981; James, 1996;
Pattyn & Van Huele, 1998)e powerlaw (Svensson, 195%itially suggested is still the

most utilised solution imuantifyingcrosssectional valley shape.

2.3.6.Form ratio

Graf (1970) noted that the powerlaw equation only describes the curve of the valley
and, in fact, two valleys could have exactly the same regression model but still have two
very different forms. This is due to the powlew equation describing an endless curve.

It is thereforeimportant to use an additional measure in conjunction witlvalues to
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describe valley morphology. Gréf970) proposed that form ratio (the ratio of vale
depth to valley top width) should also be used to constrain valley form. Initially
suggested for fluvial valley morpholoorisawa, 1968 p. 111)jt needed no adaption

for glacial valleys. Form ratio is a simple ratio equation:

vy O L
oy O [2.5]

where FRis form ratio, D is valley depth andV is valley top width. The powdaw
eguation tackles each sdof the valley individually; it is half the valley width measured
from the centre of the valley to the valley side, but the form ratio uses the width of the
valley from valley top to valley top. Therefore the valley width used in the form ratio
equation & double the width used in the powdaw. Form ratio cannot be used in
isolation as it is unable to represent the degree of curvature of a profile or the valley size
(Graf,1970)

2.3.7.Crosssectional area

A much less used valley measure is the ceasdional area of valley profiles. It is a
simple measure of the area inside a val{elaynes, 19723nd indicates the amount of
material erodedPhillips, 2009)As it has been suggested that glaciers have the ability to
exhume more material than fluvial systenfe.g. Harbor & Warburton, 1993; e.g.
Clayton, 1996; Naylor & Gabet, 200¥)s fair to assume that glacial valleys might be
greater in size. Hayned972) and Augusnus (1992b)used this measure in studies
comparing catchment areas with outlet troughs finding that there veagositive
relationship between the two variables. In an investigation to use valley form as a means
of distinguishing between glacial and fluvial valleys Phi{p€9)found crosssectional

area to be a more powerful discrimitwa than b-values or form ratio.

2.3.8.Relationship between-alues and form ratio

Glacial erosional processes alter valley shape, changing-exjgting Vshaped fluvial
valley into a Lshape. The timescales involved in changing a landscape are dependent on
the intensity of glacial processes and its resistance to erosion. Therefore it is a justified
assumption that valley morphology can give clues to the amount of glacial erosion a

valley has undergone. Research has linked valley shape and size to proeas#yint
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2. Areview of glacial valley cressctional shape

Penck(1905, cited in Graf, 1978}ated that a valley crossectional area is proportional

to the amount of ice flowing through,itwhilst Graf(1970)thought that glacial valleys
developed into a parabolic form and become deeper and relatively more narrow with
time. A parabolic formb-value close to 2) is suggested to be the ideal glacial valley
shape and a mature glacial valley will havé-@alue of 2 whilst lessvell-developed

glacial valleys b-value less than ZHgure2.4).
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Figure2.4 Shows how the parabolic curve changes ashivalue is increased. As the
value increases from the value of 1 to 2 the curve becomes more convex and indic
more mature glaciatrosssection. (a) shows lavalue of 1 and has a form ratio of O.
(b) ab-value 1.3 with a form ratio of 0.4, (c)bavalue 1.6 with a form ratio of 0.7 an
finally, (d) ab-value 2 with a form ratio of 1.5. Throughout, tleecoefficient is kept
constant at 0.5 for all the curves.

Although it has been suggested that valleys become deeper and relatively narrower
(higher form ratio) with an increasing parabolic foi@rd, 1970) Hirano and Aniya
(1988) found that the relationship betwen b-values and form ratio did not always
follow this relationship. When comparingrvalues and form ratio of several different
studies(Graf, 1970; Doornkamp & King, 1971; Anfya&Velch, 1981; Aniya & Naruse,
1985 cited in Hirano & Aniya, 1988])s evident that different relationships exist. Deep

narrow valleys, where form ratio artdvalue have a positive relationship with evolution,
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200dzNJ Ay | Ww2 Ol & lig 2rdeédi laniisga@es. WilsiSwider Bnd 3t | OA |
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and show form ratio decreasing bsralues increase with valley developmehtgure2.5

and 2.6). These two types of glacial responses indicate that alpine (Rocky Mountain

type) mountains develop by deepening whilst Patagefmarctica regions develop

valleys through wideningtherefore suggesting differenerosion focuses (Pattyn &

Decleir, 1995)(Figure 2.6). Observedlandscapes, such as those kigure 2.1, are
GSadlySyd d2 GKSaS RAFTFSNByUd 3ItLOALE GLttSe
a2zdzy Gl AyQ F-YyROIWNDiUAQRFAGE LIS O ff Seaeasyl & y2i
but can coexist in the same mountain range such as the Tian Shan Mountains(LChina

et al,, 2001b) Brooket al. (2004b)go on to suggest that the different profile types are

due to geology rather than regime type, where low rock mass strength geologies form

wider valleys compared to areas ofgjhier rock mass strength where deeper, narrower

valleys were observed.

a. b.
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Figure2.5 (a) Shows a Rocky Mountain type glacial valley. It has a deep narrow
form with ana coefficient of 0.5, &-value of 2 and a form ratio of 1.5. (b) Show:
PatagoniaAntarctica type glacial valley. This valley is wide and relatively shallow.

an a coefficient of 0.02, &#-value of 3 and a form ratio of 0.36.

21



2. Areview of glacial valley cressctional shape
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Mountain and Patagoni&antarctica models. The Patagosatarctica model shows tha
as valleys develop thie-value increases whilst the form ratio decreases. For the R
Mountain model both theb-value and form ratio increase.

2.3.9.0ther measuresf valley shape

Othermeasures used when analysing glacial landscapes in#pdeific geometrused

to define valley crossectionslike valley width and depth(Evans, 1972)Using such
absolute measures give a true sense of valley size and scale andsc@ilgarisons.
Measures of hypsometry aralso often used, especially whewroparing fluvial and
glacial landscapes across large areas. Hypsometlgsisifed as'general geometréas it

is possible tancorporatethe terraincharacteristic®f an entire landscapéEvans, 1972)
Measures include the hypsometric curve (the aradtitude relationship) and the

hypsometric integral (the area beneathe curve which réates to the percentage of
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total relief to cumulative percentage areajlypsometry has been used to compare with

models (Egholm, 2009, Brocklehurst & Whipple, 2006)

Testing all glacial landscape measures is beyond the scope of this, thesisver
Phillips (2009) revieed the geometry of vadlys for both specific and general measures
and investigatedin some detailmeasures of valley crosection area, powelaw
functions, form ratio, grain and texture, stream ordeltainage density, ruggedness
number, ridge density, peak density and hypsaimeComparisons were made as to
how well these measures perform when discriminating between fluvial and glacial
landscapes. It was found that valley creestional area was the best discriminator and
hence isinclusion as a measure in this thesis. Foatio and the poweilaw functionb-
value have also been included as a large proportion of the valley-seasi®n literature

uses these values and this aids comparisons to be made.

2.4. Inconsistencies in cross profile technique

Crosssectional valley profil data is predominately collected by drawing transects across
valleys portrayed on topographic maps. This technique is time consuming and subjective
meaning that results can be questionable. For example, some profiles have been taken
from ridge top to ridg top (Montgomery, 2002)Figure2.7a) whilst other researchers

took profiles from valley trihines (Graf, 1970; Pattyn & Decleir, 1995¢tLial, 2001b)
(Figure2.7b). This difference in measurement technique could alter thevgrecurve

and consequently théb-value, as well as the form ratio, and therefore comparisons
between these studies cannot be made. Inconsistencies in how transects were drawn
and the measures derived present serious problems when comparing the results from
various papers. The angle at which transects are drawn across the valley is rarely
mentioned in the literature, as it is assumed that the profile is taken perpendicular to
the valley. However, valleyare often not uniformp making the transect method
subgctive and open to differing interpretation of where the line should be drawn
(Figure2.7c). It seems that transects are often carefully chosen to best represent the U
form of a glacial valley, therefore eliminaginany areas of the valley which do not
conform to a Ushape and biasing our view of the prevalence of thehdped valley
form. Amersonet al. (2008) acknowledge these difficulties and, as such, avoids valley
O2y Tt dzZSyO0Sa |yR WANNBIdzAZ F NAGASE Ay F2NXY

when selecting valley sites.
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Figure 2.7 Transects drawn across a valley in the Cairngorms, Scotland, sho
inconsistencies which can arise from tinelividually selectegbrofile method. Profile (a
shows the initial profile drawn across the valley from valley top to valley Iltopas
similar b-values, of 1.35 and 1.33, for each side of the valley, and a form ratio of
Profile (b) has the same orientation as profile (a) but instead spans the valleytHeol
break in slope to the opposite break in slopehas far higheb-values for each side ¢
the valley as the steepness of the valley sides are not temperedédmetingoff at the

valley tops. It has a similar form ratio of 0.12. Profile (c) shows a transect which
slightly different orientation to profile (a). Thichange in orientation changes the vall
profile shape so that the resultat-values differ from profile (a). In fact The Wsfand

valley side has a far smallbrvalue whilst the rightand side exhibits a far largér

value. It has a similar form riatof 0.12.
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2.5. Extent of the quantitative basis for cresectional

valley shape

It has already been alluded to that relatively few crealiey profiles have been used to
develop quantitative measures of valleys; Svengd®b9) for example, averaged just
three valley profiles in one single valley to justify the poday equation. To gauge the
quantity of crosssectional valleys analysddhble2.1 summarises all research to date of
valley crosssectional profiles. All studies reported here measured elements of the-cross
sectional valley profiles, and apart from the studies indicated, the studies obtained

measurements fob-values anddrm ratios and used the transect technique.

Table2.1 Summary of entire crossectional valley profile research with measureme
taken.

Study Area Number of Reference Measures derived
profiles
g
o g
5 g % s £ &
22585 283
Tian Shan Mountains, China 49 Liet al.(2001a)and used in Lét al. K K
(2001b)
Tian Shan Mountains, China an additional 7 Li et al.(2001b) K K
Beartooth Mountans, Wyoming 60 Graf(1970) K K K K
andMontana, USA
North Wales, Yorkshire and the 4 Doornkamp an&ing(1971) K K
Lake District, UK
Southern Alps, New Zealand At least 45 Augustinug1992a) K K
Athabaska Glacier, Alberta, 8 Kaneasewicli1963) K
Canada
Victoria Valley System, 13 Aniya and Welcli1981) K K
Antarctica
Two Thumb Range, Southern 111 Brooket al.(2006)and used in Brookt K K K
Alps, New Zealand al. (2008)
Two Thumb Range, Southern ~ same profiés as  Brooket al.(2008) K K K K
Alps, New Zealand above
Banff, Canada Approx 6 Hirano andAniya(1988) K K
Lapporten, Norway 3 Svenssor(1959) K
Central Sgr Rondane Mountains 18 Pattyn and Declei{1995) K K K K

East Antarctica
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Study Area Number of Reference Measures derived
profiles
E
o
g 3
£ 25685 28
Sierra Nevada, USA 7 Jamegq1996) one profile (Tenaya K
Canyon) used in Pattyn and Van Huele
(1998)
Antarctica and Patagonia 6 Aniya and Naruse (1985), unpublished,
cited in Hirano and Anyid 988)
Glen Rosa, Isle of Arran, 3 Wheeler(1984) K
Scotland, UK
Scotland and Iceland At least 60 Brooket al.(2004b) K K
The Sukkertoppen Ice Cap, Eas 19 Hayneq1972) K
Greenland
British Columbia, Canada 33 Roberts and Roo(l984) K K
Fjordland, New Zealand 33 Augustinug1992b) K K K
West coast, Scotland, UK 34 Brooket al.(2003) K
Central Idaho, USA At least 21 Amersoret al.(2008) K K K
fluvial and 25
glaciated
Olympic mountains, USA 131 (54 fully Montgomery(2002) K K K
glaciated, 42
partially

glaciated and
35 unglaciated)

Table 2.1 shows that in the literature 696 profiles have been measured using the
transect method, 531 of the profiles obtain measurements for form ratio bavdlues,
whilst 165 gained Maes for width, depth, crossectional area or all three. Thigves
context of the current research and itsasis; both the amount of profiles investigated
andthe regions from whichihese profiles have been takefhe currentsample size im

the 100sfor whichresearch studies have bas#élde understandingJ-shapedforms of
glacial valleys. It is suspectadweverthat the wide acceptance of the-thaped glacial
valley form comes from personal observations in the mountdhingufe2.1) rather than

just the quantitative basis reported here.
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Crosssectional characteristics of glacial valleys

2.6. Glacial process studiesmdvalley shape

Glacial valleys are eroded by a combination of mechanisms; these include abrasion
(polishing and striating), plucking (quarrying), string (fracturing) and meltwater
erosion including chemical dissolution. Together, in some combination, they create the
distinct shape of glacial valleys but the relative importance of each process is under
regular discussion. This section provides an weer of the processes involved in glacial

erosion relevant to valley shape.

The process of erosion can be generalised into three stages. Firstly, the rock failure,
where fragments are loosened from the bed. Secondly, evacuation, which is where
these fragnents are moved from their original position, and finally, transportation of the
fragments via entrainment in the ice, water or in subglacially deforming ldBensnett,

1990) For the erosion of hard beds two distinct processes are traditionally cited;

abrasion and plucking.

Abrasion is the wearing down and smoothing of the glacier bed by sediment entrained in
the sliding ice of the glacier itself. It can encompass the process of polishing, the
reduction of the roughness to a rock surface and striataftgctively the scratching of

the bedrock.Boulton (1974) observed striating beneath the Breidamerkurjdialtier
southeast Iceland. The fragment creating the striation on the bedrock was associated
with the smaller fragments of crushed debris and swsigé that this fine debris
provided sediment which is needed for a more polishing type of abrasimasion rates

are attributed to the effective force of the sediment as it is pushed along the T&d.is
known as the basal contact pressure. Two viewesendeveloped with regard to contact
pressureof a particle m contact with the glacier bedThe first viewis that contact
pressure isdirectly related to the effective normal pressure which is a function of
normal pessureproduced by the weight of thewerlying ice(Boultonet al., 1974) The
second quite different view is thdiasal vater pressureto buoy up the icepreventing
contact pressure and instead erosion occurs by wiscdrag on the particle which
controls the movement of the rock fragment and depends on particle properties and ice
velocity normal to the bedHallet, 1979) High effective normal pressures therefore

occur when the ice is thicknd the basal wa

ter pressure is low. It is altered when obstacles impede ice flow. The Boulton (1974)
model also takes int@ccount that as effective normal pressure increases the friction

between the rock fragment and the bed increases resulting in the slowing of
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2. Areview of glacial valley cressctional shape

transportation of the particle and thus erosiofihe ice deforms around the particle and
continues a faster ratefdlow. In this model it is possible for friction to become so great

that lodgement of the particle can occur.

In contrast the Hallet (1979) model assumes that the contact pressure between a rock
fragment and the bed is independent of the effective normpadssure as the particle is
encased in ice and essentially floating within it. Instead, the contact pressure is a
function of the rate at which the ice flows towards the bed, forcing any particle in
contact with the bed. This type of ice flow is dependentthe rate of basal melting and

the presence of extending glacier flow.

More recent work on glacial abrasion models include research by Iverson (1990, 1991)

who highlights the importance of including fragment rotation into erosion models, as

rock fragmeni KI @S f 2y 3ISNI tAFS alLlya a4 SNRPAAGS (G221 2
fro2NFG2NE SELISNAYSy(da adNRBy3Ifte adaLRNI | ff ¢

importance of downward ice flow velocity.

Abrasion rates have also been connected with rock tiffe amount of sediment which

is delivered to the bed and resistance of both the sediment and the bed and the
difference between the two contribute to the overall erosion rdtaallet, 1979) The
greatest erosion will take place where the rock fragments are highly resistant whilst the
bedrock is relatively soft lithology (Bennet and Glasser, 208®yasion produces finre
grained sediment by the grinding down of the glacier Bdnnett, 1990)The influence

of lithology on erosion will be discussed later on in this chapter.

In contrast plucking, also termed quarrying, is the failure, evacuation and transportation
of larger blockgBennett, 1990) Unlike abrasion which has a smoothing effetticking
maintains bed roughness and therefore influences sliding speed and stability of
temperate glacierqHallet, 1996) Ice can exploit prexisting joints in the bedrock to
cause the failure of block@ennett, 1990) Following this ice combined with water at
the ice bed interface can remove sediment fragments produced by abrasion and
plucking from the bedBoultonet al., 1974) In order for this to occur the ice must first

be moving with enough tractive force to transport entrained mate(Bbultonet al,
1974) The existence of cavities at the dloed interface, which generate pressure
induced temperature fluctuatins and are where freeze/thaw conditions occur and
therefore rock failure (Rothlisberger & lken, 1981)An optimum cavity size was

identified and attributed to the close interaction with basal meltwater pressuidallet,
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1996) Both plastic flow and the regelation of meltwater contribute to material being
incorporated into the glacier icEBoultonet al,, 1974) Once the material is in motion
with the ice it is able to erode thelagier bed further via abrasion, as previously

discussed.

As abrasion and plucking work in opposition, one smoothing the bed whilst the other
roughening it, respectively, the process which prevails has been attriliotethdscape
and glacier characterists (such as ice thickness, velocity and water pressure (lverson,

1991)) and bedrock properties.

Water at the ice/bed interface is integral tmth the sliding velocity and the contact ice
has with the bedboth of whichaffecterosion rates. When water pssure is high sliding

can increase whilst the effective normal pressure of the ice against theleeckases,
separating the ice from the bed and therefore reducing the amount of abrasion (lverson,
1991) which can take place. However, increased waterspresncreases sliding and
therefore increases erosion and in conjuncticancaid the removal of loosened rock
fragments (Iverson, 1991). Iverson (1991) found that the optimum subglacial conditions
for plucking involved fluctuations in water pressure whelecreased water pressure
would create conditions of high effective normal pressure which, in turn, would shift the
weight of the ice on to the rock irregularities creating increased stresses on the rock
causing the growth of prexisting cracks approximaly parallel to the compressive
principle stress. Removal of blocks could then take place once water pressure increases

again.

In northwest Scotland bedrock properties were invedigbby Krabbendam and Glasser
(2011). They founthali ¢ 2 NJBGK, fhgkybediled and widely jointed sandstone was
predisposed to being abraded whilst the hard, thin bedded and narrow joints Cambrian
quartzite had been eroded predominately by glacial plucking. Concluding that a lithology
with a combination of hard rock with itk bedding planes and wide jointing is the most
resistant to glacial erosion, such as igneous and metaigneous rocks like granite and
orthogneisses (Krabbendam and Glasg&éd1), whilst the converse is true for soft, thin
bedded and narrow jointed litholyies, such as shales, certain chalks and deeply

weathered bedrock transitional to regoliffrigure2.8) (Krabbendam and Glass@Q11).
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Figure2.8 A schematic diagm showing the relationship between joint spacing &
hardness (Krabbendam and Glasser, 2011). It shows the relative positions of Ca
quartzite and Torridon sandstone with other rock types and relates this to the domi
erosional process; abrasiam plucking.

Although it has been suggested that plucking is capable of more erosion over abrasion
(Briner and Swanson, 1998, Duhnforth et al. 2010) Krabbendam and Glagsgy (
argue that this might not be the case as this conclusion was made frorarobsen hard
lithologies such as granite (Johns, 1993, Duhnforth, 2010) and gabbro (Briner and
Swarson, 1998). In the casw soft lithologies such as Torridon sandstone it is suggested

that abrasion is just as effective as plucking (Krabbendam and GI28&€).

An additional erosional process is that of crushing, also called fracturing. It is caused by
the downward force of the combined mass of the ice and the sediment entrained in it. It
is this force of sediment in the ice pressing against the bedwdikh causes crushing

type erosion. In contrast to abrasion this force does not increase with ice velocity
(Sugden & John, 1976kvidence of crushing is found in the form of chatter marks,

crescentric gouges and lunate mafksanzén & Olvmo, 1991)

In warmbased glaciers meltwater exists at the-loed interface in subglacial channels,
as well as a film of water. As previously alluded to, meltwater can combine with other
processes amh contribute to rock failure, evacuation and transportation of material. In

general the more meltwater which is available the more erosion can occur. The
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presence of water also enables freebaw to occur which can loosen and dislodge
material. In additbtn another erosional process which can occur when water is present is

chemical dissolution which particular rock types, i.e. limestone, are more prone to.

To understand thesendividualprocesses, modelling has been undertaerg. Boulton

et al, 1974; Hallet, 1979; Roberts & Rood, 1984; Hallet, 1998)ever modelling of
processes often takeglace in isoldon of other processes and it is known that many
glacial landforms are formed by a combinationrofiltiple erosional mechanisms and

the feedbacks which operate between them. For example, reaghentonnées,are
formed where abrasion occurs on the stosspgoand plucking 1o the lee slope of the
landform (Figure2.9). Plucking of material ensures that there is a constant supply of
sediment entrained in the ice bed to abrade the exposed stoss slope of the next roche
montonnée(Bennett, 1990; Iverson, 1995; Hallet, 1998jthout this sediment abrasion
could not occur as ice alone cannot abrade bedrock. Swstthbeeks are likely to exist in

glacial valley formation.

~_ " Iceflow lines
\___/
& Freshly plucked debris
O Debris from upglacier

Figure2.9 A series of roche moutonees showing a feedback mechanism where pl
material contributes to abrasion of the stoss slope of the landf (Bennett, 1990;
Iverson, 1995; modified from Hallet, 1996)
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Process studies have generally relied on thaerpretation of the resulting
geomorphology rather than direct observations at the-bmx interface, with a few
exceptions(e.g. Iversoret al, 2007) Boulton, 1974, Cohen et al. 2005, Anderson et al.
1982), and in the laboratory with experimentseiison, 1990 and 1991, Lister et al. 1968
and Mathews, 1979)Research has mostly focused on understanding nicate and
mesoscale landforms, such as striations and roche montonnées and very few have tried
to relate the processes to mackrale erosionalandforms, such as cirques and glacial
troughs, which are created by a combination of many erosional processes. It has not
been until recently that modelling has developed to account for trough and mountain

scale landforms and feedbacks between indivigurakesses have barely started.

2.7. Early phase modelling addresses valley shape

2.7.1.Modelling glacial valley development

Research progressed from the modelling of individual glacial processes (e.g. abrasion) to
attempts to model the development of glacial vabefpr both crossectional(Harbor,
1992)and longitudinal form(MacGregoret al., 2000)in order to replicate the evolitn

of a valley. It was recogrid by Mattheg1930 cited in Harbor, 199#)at in order for a
valley to evolve from a V to a¢hape, widening part way up the valley sides needed to
occur. It was thought that the 4dhape adopted bylacial valleys is due to the form
being the most efficient for ice flofHirano & Aniya, 1988; Fliet al., 1994) Problems
with early modds were that they were mainly conceptually based using ice flow and
erosion mechanisms and only partly incorporated process knowlddégg Nye &
Martin, 1967; Johnson, 1970; Boult@h al., 1974; Roberts & Rood, 1984hey also
relied on the end form whilst aéimpting to deduce intermediate stages of development
(Johnson, 1970; Boultoet al., 1974; Roberts & Rood, 1988y develojng iterative
models the stages of landform development can be analy§detlemans, 1989)The
combination of advances in numerical ice flow models). Reynaud, 1973xs well as

the procesamodels previously discussedatjvancedorocessbased moded.

Harbor(1992)took a different tact, using a finitelement model for ice flow through a
valley crosssection to gain insight intthe understanding of valley transformation from
a \tshape to a kshape and enabling initial time estimates to be made Bipring the

model to realistic rates of erosion.
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In the Harbor(1992)model, erosion is scaled with sliding velociyg(re2.10), as this

formulation best represents the abrasion law proposed by H&lI879) It assumes that

if other erosional mechanisms are opdrat then they also follow this velocigcaling

and does not attempt to incorporate individual processes, such as plucking or meltwater

erosion or any feedbacks between processes. Research using this model finds that ice

initially concentrates erosion latally, changing the hape to a kshape and once this

is achieved the ice incises vertically. This creates deep narrsiapkd valleys. Seddick

et al. (2005)improve the model by incorporating a sliding law which is dependent on

effective pressure and therefore taking into consideration lateral drag from the glacier

side walls, as well dssaistress. Despite these adjustments the model results replicate

those produced in the Harbor (1992) model outputs. However, Sedaticd. (2009)

questioned whether the model output is representative for all glacial valleys as the
modelone LINBR RdzOSa RSSLIE YINNRg>S Wwz201e azdzyidl Ay
NELIX AOFGS @GSNE 6ARS @HIiyiid N ARDS DONFed SR Al & {8

observed in empirical studies of valley cregstion.

=)

Dimensieniess Basal Velocity {—) and Erosion Rate (--

Figure2.10 | I ND @90%) énodel results showing how erosion is scaled with b
velocity squared. Progressive tinsteps (T) in valley crosection evolution show the
RSOSt 2 LIYSyKI F¢ & !
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2.7.2.Whole landscape approach

Classical landscape evolution models were conceptual and concentrated on

downwearing and slope retredDavis, 1899; King, 1953; Hack, 1960; Penck, 1872y

the midtwentieth century there was a lull in t@scape evolution investigations as

research concentrated on the proce¥s2 RSt t Ay3 LINB@A2dzaft e RA&Odza&aSF
much more recently that an interest in landscape evolution modelling has been revived.

With the advent of more computational power itah become a realistic ambition to

numerically model how landscapes change over time. Rather than incorporating all the

processmodels which had been developed, landscape evolution modellers tend to use

diffusiontype equations to represent the combinatiaof the effects of hillslope and

fluvial processes.

Although fluvial and uplift scenarios in landscape evolution models are now well
established, glacial components have only recently been included in these nf{edgls
Braunet al, 1999) Braunet al. (1999)adapted a landscape ewdlon model developed

by Braun andSambridge(1997) combining fluvial, hillslope and glacial processes in
order to conduct experiments with glacial landscapes. In the model the shiow
approximation(Knapet al, 1996)was used for computing ice flow weity, desyite the
research recognising sitlimitations but it was thought justified. It has since been
acknowledged that the shalloige apprximation performs badly in complex
02112 3INI LIK& adzOK | a [t LI (1992)maddky gidcial grésibn ! & oA G K |
was simply scad with sliding velocity. The parameterisation used in the models are
substitutes for modelling individual processes and representing all known process
physics; they are a necessary compromise. A second concern is that few models have
been calibrated or tsted against real landscapes, with some notable excepti{erts
Brocklehurst & Whipple, 2006; Eghoérhal., 2009)

Landscape evolution models have produced some interesting results. Insightshigom

Braunet al. (1999)modelling experiment can be summarised as:

1. Glacial landscapes could hold larger ice volumes than fluvial ones, meaning that
the form of thelandscape is a great influence on its ability to retain ice.

2. Glaciers can erode drainage divides unlike fluvial processes.

3. Glacial erosion reached a steady state after several glaciations, despite increases
in ice volume and increased uplift. This is doauplift creating areas where ice

was frozen to the bed. Ice that is not sliding cannot erode meaning that the
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model maintains a constant area of sliding ice and explaining the steady state of
erosion. Therefore erosion cannot necessarily keep pace wiift.u

4. Large pulses of erosion occur as glaciations finish as a consequence of fluvial
processes excavating glacial deposits, as well as striving to adjust landscapes to

their preferred form.

A subsequent study by Tomkin aBdaun(2002)using the same model also presented

some interesting results. Again, these can be summarised as:

1. Glaciers concentrate erasi near peaks, thus reducing elevation.

2. During glaciations, fluvial erosion downstream is reduced. This is because river
sediment loads are artificially increased by sediment in glacial meltwater,
preventing fluvial erosion, supporting evidence of thishe field (Whipple &
Tucker, 1999)

3. Where frozerbed conditions prevail, near peaks, higher relief is produced.

4. Although isostatic uplift occurs due to greater erosion during glaciations, it does
not significantly increase relief or result in greater peak elevation. Therafe
modelexperiments contradict Molnar an@l y’ 3 f I(1g9R)8s&ertion that relief

production can largely be a consequence of glacial erosion.

The caclusions reached from glacial landscape evolution modelling, such as those
summarised above, demonstrate how modelling can be a powerful tool at this level.
However, without verifying or calibrating model behaviour it is difficult to trust
experimental rsults fully. One way of doing this is to relate modelled morphology with

empirical glacial geomorphological studies.

Brocklehurst andVhipple (2006)used observed fluvial drainage area and downstream
distance relationships with longitudinal profiles to calibrate a fluvial landscape evolution
model. Real glacial longitudinal profiles could then be comgano modelled fluvial
longitudinal profiles for the same landscapes, as if they had not been glaciated. By using
this method the degree to which observed landscapes had been modified by glaciations
could be analyse@rocklehurst & Whipple, 2006Results from this study showed that

a different response to glacial erosion was evident between valleys in small and large
catchment areas. In small catchment areas glaciated valleys have undergone erosion of
both the valley floors and ridgelines so there is no increase in relief. Erosion is also
concentrated above the mean Quaternary Equilibrium Line Altitude (ELA). Widening

without incision, observed at lower elevations of small catchment area valleys, was
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attributed to short residence times where only the first stages of valley development
(Harbor, 1992had taken place. Larger drainage area valleys dramatically modify both
longitudinal profiles and crossections, even below the mean Quaternary ELA. It is
suggested that this could be due to a larger accumulation areat@rehading of the
valley floor, longer residence time, as well as the influence of a shallower longitudinal

slope and differing subglacial drainage conditiBsocklehurst & Whipple, 2006)

An alternative approach t® use real landscapes to verify the model outputs. One study
which has taken this approach used the global hypsometric landscape sighature to
comparewith the results of a glacial landscape evolution model applied to an initially
fluvially dominated landscape; the Sierra Nevada, SgBEgholmet al, 2009) This
modelling experiment shows support for the glacial buzzsaw theéry NB ket2ald A 6
1997)

Glacial valleys are one of the fundamental landscape features; as such landscape
evolution models should accurately constrain this landscape characteristic. Calibrating
or testing model results with empirical glacial geomorphologya useful approach.

Quantification of real landscapes must be developed in order for such comparisons to be

made

2.8.Revolution in DEM availability permits a new
guantification of U-nessand exploration of variability

across whole mountain ranges

Digital Elevation Models (DEMs) are datasets comprising an array of pixels with
elevation values and which can have various spatial resolutions. Over recent years, free
availability of DEMs over the internet have given geomorphologists an opportunity to
study ares around the globe. Obvious advantages of this approach include accessing

remote regions and covering large areas.

Investigating DEMs with powerful Geographical Information System (GIS) software
means that analysis can be automated or samiomated inceasing efficiency and the
guantity of data output. In glacial geomorphology GIS has been used for a variety of
reasons from assimilation of muliburce and multscale data when combining

different studies, identification of spatial and temporal relatibips and using these
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findings to verify or calibrate numerical ice sheet mod®sapieralskiet al., 2007) For
valley crosssectiond analysis DEMs have been used in GIS software to analyse transects
(Montgomery, 2002; Amersoet al., 2008; Phillips, 2009ather than usingcontour
maps(Roberts & Rood, 1984; Hirano & Aniya, 1988; Augustinus, 1992balli2001a;

Liet al, 2001b; Broolet al, 2006) however thke opportunity to develop valley cross

sectional analysis beyond the transect technique has not yet been realised.

I y2il0tS SEOSLIIAz2Yy (20wdrkvdichldevalepé&l ametiiod t KA £ £ A |
for finding the average {shapeof whole valley sections. Effectively this method is the
equivalent of deriving and averaging many thousands of transects for a valley. The
whole valley shape is being sampled, which increases the sample sizveaidd the
difficulty of whether atransed is representative In his work Phillip€2009)sampled 150

25km2 DEMSs, of which 75 represented fluvial landscapes and 75 glacial landscapes,
effectively a sampling hundreds of thousands of transects. This research aimed to find
geometry values which gave the best distinction between fluvial and glacial valleys using
DEMs and GIS techniques. For the study areas both general and specific geomorphmetry
measures were analysed with the aim to find the best descriptor of glacial avndlflu
landscapes. Of the wide ranging techniques attempted specific measures of cross
sectional valley shape were deemed to show an excellent distinction between valleys.
Particularly successful measures included valley width and depth and the most
successful was the valley crosectional aregPhillips, 2009)Interestingly, theb-value

of the average valley profile was not found to be succes@uillips, 2009) This is
curious given that existing literature argues that thevalue & able to define valley

shape and, therefore, the process which created it.

2.9. Summary

Technological advances in DEM availability and resolution, as well as the ability for GIS
software to handle and manipulate large volumes of data, has presented the
opportunity to develop techniques for analysing glacial valley csessional profiles

using a more automated method than the previously used transect technique. This
iKSara SELX2A0a GKAA 2 LILIR NIDeRyavaiages valleyK A £ 4G R
technique further, making it more user friendly and able to handle large study areas. In

these study areas, which can include whole mountain ranges such as the Pyrenees or

span mountain divides of larger mountain ranges such as the soutkredtes, measures

37



2. Areview of glacial valley cressctional shape

of valley shape and size can be quantified and spatial variability explored. It is
anticipated that such an approach should provide a firmer quantitative basis for
assessing glacial valley shape and create a basis for calibrating og testalscape

evolution models.
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3.1. Introduction

This chapter outlines how the thesis tackles the research aim of investigating variability
in valley crossectional characteristics. It considers how valley ceesgtions are
expected to changacross mountain ranges and through time. A major component of
the research was to devise a practical methodological approach for investigating valley
crosssectional variability. This is discussed and techniques and quantitative measures
for valley crossections are evaluated. From intuitive expectations of how valley €ross

sections might vary a range of hypotheses and objectives are outlined.

3.2. Measures of crossectional valley form

In order to quantify the crossection of Ushaped valleys, and thus th#degree of

shaping, specific measures which represent the valley &estonal form must be

chosen. Thd-value of a parabolic equation has been shown to represent the degree to

which a valley has been altered from a fluviashape to a glacial shape(Svensson,

1959) Graf (1970) employed the form ratio measure to constrain the relationship

between valley with and depth. The relationship between thevalue and form ratio

also can be investigated. Hirano aAdiya(1988)suggest that this relationship indicates

GKS GeLlS 2F It O0OAlLE @lrttSes SAGKSNI ww2018@& aj
deeper with increased-@ | f dzS&a > 2-Ny Wt NG H@ Y ABvalek &NE | NB ¢
found as valleybecome wider relative to deptfHirano & Aniya, 1988JForm ratio and

b-values do not, however, describe valley size. Phi(g)9) found that the cross

sectional area, a descriptor of valley size, waslally the best discriminator between

fluvial and glacial valleys, due to glacial valleys being larger than fluvial valleys.

Together, it is arguedb-value, form ratio,b-value/form ratio relationship and cross
sectional area, provide good measures ddcipl valleys. Throughout this thesis the
informal termU-nesswill be used to describe these profile cresectional measures and
to what extent a valley approaches that of the idealisedhdpe believed to arise from

glacial erosion.
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3.3. Expectations

3.3.1 Ice residence time

Perhaps the length of ice occupation in a landscape can be indicated by the degree to
which glacial landforms have developed, such as the extebkmdssin valleys Whilst

many reconstructions of ice sheets focus on the maximum ice extestthe case that

from an erosion point of view, the length of time ice has been in existence is key to the
development of glacial landform@®orter, 1989) Such residence tims & consequence

of climate. Colder conditions, which result in a lower snowline altitude and, therefore, a
greater ice accumulation zongEgholmet al, 2009) create more prolonged periods
where ice is in existence. Greater ice residence times enable more glacial erosion to take
place(Harbor, 1992and therefore more glacially distinct landforms develop. As a result,
glacial valleys should show signs of gredtenessin landscapes which have been
subject to longer ice residence times. This assumes that glacial ernsieases with ice
residence time. Proportional responses have been successfully employed in other
research(e.g. Brooket al., 2006) where space was used as a proxy for time (as it was
known that more northerly valleys had undergone greater glaciations than southerly

ones) to determine the role of glaciations in the evolution of valley esassons.

In addition to regional climate, temperature gradients arising from elevation influence
ice residence time. High elevations have cooler conditions which allow ice accumulation.
Consequently the highest elevations can maintain the most favouralpiditions for ice
occupation and therefore have the greatest ice residence times. The highest elevations
in a mountain range are found at the mountain divide, and lower elevations towards the
mountain range periphery. Ice residence time is therefore gre¢as¢she divide and
decreases with distance away from the divide. Where valley form is concerned, the
expectation is that greatedt-nessis found where there has been greatest ice residence
time, at the highest elevationg-{gure3.1) and closest to the dividé-igure3.2 and 3.3).
Therefore elevation and distance from the divide are used as proxies for ice residence
time in this thesis. Such a proxy is used because dneetsurements of ice residence

time are usually unavailable.

There are examples of similar proxy use in various earlier studies of glacial landscapes.
Brook et al. (2006) used distance from the divide as a proxy to understand the

development of Wshaped valleys. They found that where ice occupancy was greatest,
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near the divide, so were glacially distinct valleys. By ifigng the spatial variability in

glacial valley crossections insights into valley evolution can be gained.

U-ness
U-ness

Residence time / Elevation Distance from divide

Figure 3.1 U-ness should increase witt Figure 3.2 As distance from the dividi
increased ice residence time. Ice resider increasesU-nessshould decrease. This
time is geatest at the highest elevation because the highest elevations areufd
where conditions for ice occupation ai at the divide and therefore the greatest ic
most favourable. residence time.

U-ness should decrease away from the divide

Elevation (m)
3308

Figure3.3 A DEM of the Pyrenees with the mountain divide showmessshould
decrease away from this divide as the landscape hasdssdglacial influence.
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3.3.2 Ice Flux

Ice flux is the amount of ice which moves through any specific location per unit of time.
The movement of ice occurs both by internal deformation and sliding at the ice/bed
interface. Where sliding occurs so does epasand the intensity of erosion is widely
thought to have a positive relationship with sliding velocity. Past modelling experiments,
for example, have often scaled erosion with sliding velo¢#yy. Harbor, 1992)In
addition, effective normal pressure, influenced mainly by ice mass, has been
demonstrated to have a more complex relationship with erosion rgBmultonet al,

1974) For example fluctuations in water pressure have been shown to be more
effective fa pluckingtype erosion than constant effective normal pressure (Iverson,
1991).Taking both ice mass and velocity into consideration, despite some complexity
regarding effective normal pressure, it is generally assumed that as ice flux increases so
does he erosion rate Figure3.4). Within a glacier the greatest ice flux is found beneath
the Equilibrium Line Altitude (EL&)alletet al, 1996, where the accumulation zone
becomes the ablation zonéigure3.5) and the glacier crossection and velocity are at
their maximum. It is at the ELA, therefore, that the maximum erosion rate is expected
and corsequentlyU-nessshould be greatest. However, this is complicated by the fact
that the ELA moves as the glacier advances and retreats and is therefore not a fixed
location. The average ELA is the location where the greatest ice flux has occurred
throughoutall glacial periods. It is at this location of the average ELA that the greatest
cumulativeerosion should have taken place and therefore where the greadfastssis

expected.

Halletat al. (1996)proposed that ice flux scaled with catchment area. A range of studies
have used this concept to interpret valley morphology. Studies have analysed the
relationship between catchment area and valley crsestion finding a positive
relationship wih various measures of valley size, such as valley -sgmg®nal area,
valley width and depth(Haynes, 1972; Roberts & Rood, 1984; Augustinus, 1992b;
Montgomery, 2002; Broolet al, 2003; Amersoret al, 2008) These studies indicate

that as catchment area increas so do measures of valley cresstion due to their
potential for greater ice flux. These studies therefore suggest that catchment area is a
suitable proxy for ice flux and as such catchment area will be used as a proxy for ice flux

in this thesis.
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Ice Flux

Figure3.4 As ice flux increases < Figure3.5 Unlike residence time ice flux increas
shouldU-ness down valley to a maximum at the ELA.

3.3.2.1 Residence timéice flux confounding problem

The expectations outlined above, where greatéshessis expected at locations of
longest residence time (highest elevations), whilst also at the point of greatest ice flux
which increases down glacier towards the averagpiilibrium Line Altitude (ELA),
clearly work against each other. The problem to where great¢siessis found is
caused by the residence time and ice flux expectation being in opposition which will
influence the spatial distribution df-ness Taking thisscomplication into consideration

the greatestU-nessvalues are anticipated to be found somewhere between the highest

elevation and the average ELA locati®ig(re3.6).
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Figure3.6 Due to residence time being greatest at the highest elevations whilst ice
is greatest at the average ELA position, the interaction between these two factors
result in the greatestJ-nessoccurring part way down a valley amibt at the highest
elevation, mountain divide or average ELA position.

3.3.3 Lithology

Increased intensity of erosion from greater ice flux or residence time could be enhanced
if the lithology of the bed is less resistant to erosion. It is therefore initesbumed that
glacial valleys will develop more rapidly in weak than in highly resistant lithdtogyré

3.7). A secondary consideration is one highlighted by Augus(it®@d2a)and Brooket

al. (2004a)which states that valley crosections adopt different forms due to how
resistant the bedrock lithology. Deep narrow valleys form in highly resistant lithology
whilst wide, relativelyshallow, valleys occur in less resistant lithology. Such contrasts in
form ratio, combined with form ratio relationship withtvalues, have been identified as

a Rocky Mountain and Patagoratarctica type valley respective(Hirano & Aniya,
1988)(Figure3.8). In order to test hypotheses witlegards to lithology the sample areas

chosen should reflect a range of different bedrock resistance to glacial erosion.
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High

U-ness
s
//
Rock Resistance

//
Low

Low ; High Rocky Valley Type Patagonia-
Rock Resistance g Mountain Antaretion

Figure 3.7 Valleys with low resistance t Figure 3.8 The impact of lithology it
erosion should display greatet)-ness illustrated with highly resistant rocl
measures than valleys found in high conforming to a Rocky Mountain valle
resistant lithologies. type, whilst low resistant geologgnds to
a PatagoniaAntarctica valley shap
(Augustinus, 1992a; Brog@it al., 2004b)

3.3.4 Tectonic Uplift

A further immct on glacial landforms, such asshhped valleys, is the tectonic uplift
rate during glaciations of a region. It has been proposed that as uplift increases so does
fluvial erosion(Burbanket al., 1996) This is due to attempts by fluvial processes to gain
base levekquilibrium by rapidly incising the enhanced longitudinal valley floor slopes.
Glacial erosion rates should increase due to increassimulation areas contributing

to greater ice fluxo . N let2al 1997)and field data of sediment exhumed from
glacial basins of differing sizes (Hallet, Hunter and Bogen, 1996). Large glacial basins
show high sediment yields (Hallet, Hunter and Bogen, 1996haped valleys should
reach a classic gtial form more quicklyn areas of high uplift as glacial erosion is
enhanced by active tectonic uplifFigure3.9). Consequently it is important that areas
which experienced intense tectonic uplift during gléicias are included in the sample

areas and compared to tectonically stable areas.
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U-ness

Uplift

Figure3.9 As uplift increases so does erosion a
therefore U-ness

3.4. Method

Theindividually selectedransect method, ged by the majority of valley crosgction
studies, is not used here due to its subjectiveness and limitation with regard to sample
sizes. Instead, the method adopted is the Phil{@309)average valley profile method.

It is favoured as it eliminates grbias of drawing transects, encompasses the whole
valley rather than just giving a snap shot of the valley and has the potential for semi
automating analysis over large areas. Currently the method has been used on areas of
25kmz2. For the method to be used this thesis it needed to be developed to cope with
larger areas so that it is possible to analyse whole mountain ranges. Once this is
achieved the method can become a powerful tool in understanding glacial valley
morphology and spatial variability. Tlexisting method also currently uses a separate
piece of software;LandMapR® toolkit by LatMapper Environmental Solutions, for
some of the stages of data processing. To make the method morefrimadly an
improvement would be to integrate it entirely tim one piece of software,u&h as
ArcGIS. Shuttle Radar Tgaphy Mission (SRTM) DEMs are freely available via internet
downloads giving 9@ resolution data for most of the globe. These DEMs can provide

the data needed to analyse carefully selected stadBas in ArcGlIS.
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3.5. Research Aim

The aim of this thesis is to take a new datzh approach to investigate the cross
sectional size and shape characteristics of glacial valleys and assess their spatial
variability. A key aim is to derive and use a mearasegssing valley shape continuously
along valleys rather than sampling selected cresstions. The main purpose is to
quantify valley shape to assist comparison with simulations of Landscape Evolution

Modelling and seek underlying controls.

3.6. Thesis Objectes

1. To develop a pragmatic whole valley means of crasdley assessment which
permits measurement at the mountain range scale.

Phillips (2009¥tarted development of a method which used the concepft an
average valley profile whereby an average cressional profile was extracted
from valley sections rather than individual profiles. One of the advantages of
this method is that it enables the processing of large volumes of data on a semi
automated basisln order to carry out experiments using any avgFacross
section method within this thesis suitable sample areas are selected.

2. From the average valley crossections extracted from landscapes by the
method mentioned above,determine values for valley shape and sizand
their spatial variabilityacross nountain ranges
Together with the spatial variation of valley measures greater understanding of
valley development and the processes which contribute to valley form can be
inferred.

Landscape EM modellers need tocheck to see if theirmodels produce
landcapes that resemble those found in NaturEhis is difficult to achieve
because if any particular area is chosen, whilst the resulting landscape is known,
the initial conditions with which to start the numerical experiment are not
known. For example, whatvas the starting landscape and its geology and
climate over hundreds and thousands of yearsRather, the empirical
data/model comparison is probably best achieved by asking whether the LEM
produce valleys of the appropriate scaldimension and variationspatially.The
dataset in this thesis will produce a large dataset (10,000s) of valley-cross

sections in an accessible fornfat comparison with modelled valleys.
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It is logical to suppose that ice flux and residence time work against each
other. Is thisthe case or is there a primary control?

Whilst a confounding problem has been wigeduggested (e.g. Porter, 1989),
attempts to investigate and quantify it are limited. In this thesis the confounding
effect of ice flux and residence time on valley morplgyiovill be explored.

How consistent is valley formwithin sample areas, valley systems and
between adjacent valleyg Or do small localised differences have a strong
influence on valley morphology?

Given similar overall conditions; climate, tectonics, gladntensity and
lithology, how similar are adjacent valley morphologies? How much do local
effects influence valley morphology, such as slight differences in aspect? Or are
these negligible?

Interpret the valley crosssection morphology dataset in the caext of
previous literature. Does the dataset support current thoughts on landscape
evolution and can it be explained by current process understanding?

Is it really possible that valleys can be defined by the processeshbphave
undergone? Can fluviar glacial valleys simply be defined by a V or U eross
profile form? And therefore is it justified to use the transitibatween the V to

U formsasa continuum to deduce landscape evolution timescales?

The glacial valley amphology literature accepta parabolic valley form to be the
idealised glacial valleyut how frequent is its occurrence in real landscapes?
Are there any particular valley measures which perform best at discriminating
between fluvial and glacial valleys?

Do landscapes with more fawrable conditions for glacial erosioshow a
more mature valleymorphology?

Are greaterU-nessmeasures found with greater latitudes? Does the orientation
of the mountain range affedt-nes® Does uplift affect the glacial valley form?
And how does geolyy impact on the valley crosgction morphology?

The valley crossection is one element of the valley morphology. Is there a
link between the crosgrofile evolution of valleys with its longitudinal profile?

It is widely acknowledged that the crepsofiles of valleys tend towards a
parabolic form with glaciation whilst the longitudinal profile flattens when
evolving from a fluvial valley form. Previous research has dealt with the-cross

section and longitudinal profiles independently. In this thesisanathnding of



Crosssectional characteristics of glacial valleys

the crosssectional evolution of glacial valleys will be linked to the longitudinal

valley development.

3.7. Summary

Using process knowledge, modelling and the geomorphological literature, hypotheses of
expected outcomes have been developed ftoedt the research in this thesis and to
develop the thesis objectives. By simplifying and separating out ideas which influence
valley development these thoughts can be tested. The objectives support the overall aim
which is to investigate the crosecticnal size and shape characteristics of glacial valleys

and their spatial variability.
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4. Method for measuring crossection profiles of

whole valley segments

4.1.Introduction

The method detailed in this chapter was developed to overcome the problems
presened by the transect method used to date. It utilises advances in Geographical
Information System (GIS) software and the wider availability of Digital Elevation Models
(DEMSs) to develop a method which can assess valley shape of large areas. In this
method, GS is used to measure valley profiles using a sentmated approach and

then analyse the results spatially in order to assess spatial variability and infer valley

development.

Beyond mapping techniques the full potential of GIS has not been exploitgthbial
geomorphologistgNapieralsket al, 2007) In this chapter the use of GIS tools and GIS
spatial analysis capabilities aiegrated into a method which quantifies valley cross
section shape, size and variability. It is an example of the potential advances which are

possible in glacial geomorphology if the full suite of GIS tools are used effectively.

4.2. Traditional methods forassessing valley cross profile
shape

The crosssectional profiles of valleys, and particularly the striking difference between

fluvial and glacial valleys, have been studied for over a ceiféugy Davis, 1906)Fluvial

grttSea KIFI@S O2YY2yteé 0SSy -séctionapiofileé iihlBsR ¢ A (0 K |
3t FOALE QI ffSea (1959Wugeestal knk pdfakvla as{ad &pyrépiadey
mathematical representation of a glacial valley crssstion. Through numerical

modelling, Harbof1992)showed how a valley develops into asblape. Further to this,

observations of spatial changes in theshhpe of a valley have informed the timescales
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involved in valley development, and relationships with climate, tectonics and

topographc evolution(e.g. Grd 1970; e.g. Brookt al,, 2008)

Traditionally valley crossectional profiles have been examined by drawing individual

transects across a valley using a map with elevation denoted by contour (8rgs

Doornkamp & King, 1971and more recently sing DEMge.g. Brooket al, 2008) The

transect method of examiningalley crosssections is both time consuming and subject

to errors due to the subjective nature in which the transects are drawn. Transects are a

snhap shot of the whole valley and only small samples can be collected. It is possible that

transects are selS R (2 06Sa0G NBLINS & Dof teprdsentdtivedf the2 NIy & ¢ KS @
valley as a wholeThis thesis will investigate a whole valley approach to seek an

alternative dataset. Individually selectedransectsdo have some limitations andre

sensitive to sesral factors which influence the result. These are identified as:

1. Transects are drawn to bisect contour lines but this can be difficult where a
valley bends.

2. The arbitrary nature of where profiles are drawn, this may not be representative
of the whole vakty or area of interest.

3. Only small areas can be analysed, mainly due to the time consuming nature of
this method. Small sample sizes may not show a good representation of a
landscape.

4. Tributaries complicate where transects can be drawn.

5. Itis difficult todetermine exact position of the valley top and therefore where a
transect should start and end.

6. Itis a discrete sampling method.

Today there is widely available elevation data in the form of DEMs, and GIS provide the
software capable of analysing this dat However, despite these technological
developments, no automated process of analysing valley &essonal profiles over
large areas (whole mountain ranges) has been developed. Many researchers are still
using theindividually selectedransect method.Figure4.1 demonstrates some of the
problems with the transect method. Three transects are drawn at slightly different
orientations across a valley. Although these profiles appear fairly similab-tredues

show considerable different values, ranging from 1.24 to 1.37 for theHafid side of

the valley and, more significantly, 1.33 to 2.04 on the Hggwd side. This is probably

not only due to the orientation to which the transect bisects the valley, producing
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slightly different cross valley shapes, but also due to the difficulty in defining the start
and finish points of the transect. It also may reflect the sensijtiof the fitting of the
power-law curve to the data. The final transect shows the problemi&kvharise when a

tributary disrupts the crossectional profile of a transect.

a b
c
d
a.
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300 T T T T T ]
0 500 1000 1500 2000 2500 3000

Lefthandb-value = 1.35 RigHtandb-value = 1.33

600
500
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300 T T T T T ]
0 500 1000 1500 2000 2500 3000

Lefthandb-value = 1.24 RigHtandb-value = 2.04
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0 500 1000 1500 2000 2500 3000

Lefthandb-value = 1.37 RigHtandb-value = 1.88
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Figure 4.1 Transects drawn across a valley in the Cairngorms, Scotland, sho
inconsistencies which can arise from tinelividually selectegbrofile method. Profiles &
¢ ¢ show how profile orientation can alter results especially for vdlteglues. Profile c
demonstrates how the presence of a tributary can disrupt the valley profile maki
difficult to draw transects which are representadiof valleys with many tributaries.

4.3.Conceptual basis for method

4.3.1 Phillips method

Phillips(2009)began to tackle the problem described in Section 4.2, developing a semi
automated method to distinguish between fluvial and glaciafivkd valleys. He used

GIS to analyskandscape geomorphology from DEMs. The average-progiee method

used ArcGIS and LandMapR software to modify a DEM. It generated a framework for
sampling valley dimensions enabling the selection of valley stigti be consistently
sampled across different valley scales and shapes. This method produces average cross
sectional profiles which are generated for areas where the sampling framework is
applied. It was demonstrated that this method worked well for tremgle areas
selected, producing an average cragstional profile for each sample area (i.e. whole

valleys in a DEM). However, there are several practical problems with this method:

45.1.1 The LandMapR element of the method is not integrated into ArcGIS
making he method less efficient. An additional concern is that the processes
undertaken in LandMapR are concealed and therefore difficult to fully
understand.

45.1.2 Average crossectional profiles are only realised for the entire sample
areas or groups of valleys, $uas stream order groups, rather than individual

valleys. Therefore the spatial variability of a sample area cannot be analysed.
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45.1.3 The method is computationally intensive, only allowing for relatively

small sample areas to be analysed.

If these obstacles arevercome the average crosgctional profile method conceived by
Phillips(2009)could be a powerful tool for understanding the spatial variability of valley

crosssections.

4.3.2 Fundamental concepts

One approach would be to devisengethod which automatically draws thousands of
transects across valleys (Figure 4.2) in order to extract @stional profiles but the
orientation and position of transects is of a concern (as discussed in Section 4.2).
Instead, the landscape is maniptdd based on the PhillipR009)average valley profile

method (Figure 4.3), so that an average profile for whole valleys can be found.

U//

Figure 4.2 The traditional method ol Figure 4.3 Greyed area shows the are

genemting valley crossectional profiles. which is used to find theverage valley

Here three transects have been drav crosssectional profile. This represents ¢

across a valley giving a discrete snaps infinite amount of transects anc

of valley shape and size. represents a continuous measurement
the whole valley.

Because valleys differ in scale, it is important that a sampling technique for extracting
valley profiles (i.e. width and height or x and y values) is not biased by this. If values

were taken at 10 m intervals from the valley centre then a bias would occur, under

sampling small valley&igue 4.4) and oversamplingtge valleysRigure4.5). Therefore

the method devised by Phillips (2009) used values at the location on the valley side at a

percentage above the valley floor which resolved the sampling bias problem.
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Figue 4.4 A small valley is under sampled Figure 4.5 Whilst a large valley isver
width and height measurements are take sampled if the same sampling methc
at 10 m intervals from the valley centre.  was used as iRigue 4.4.

To derive an average height and width at set percentage intervals above a valley floor
0KS @It f Sal NSdERIBURMS andiT7$ Valley size and shape is of interest

in this thesis, yet valleys have a trend which is a longitudinal profile which slopes
downstream. Within GIS the longitudinal profile of valleys needs to beeaheled so

that the average values for valley width and height can be measured at regular

percentage positions above the valley floor. To obtaindiavidually selectedransect of

a valleyis not a problem as the values are found at discrete poffigufe4.8), however

if an average profile of a valley is desired theAm@®ding needs to occuiF{gure4.9).
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Figure 4.6 An example of risingrénd Figure4.7 The same data as iRigure4.6
where there is also variation. This cou but detrended, therefore only showing th
be temperature or the width or height o variation.

a valley at a specific percentage heic

above the valley floor.
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Figure 48 A typical valley with & Figure4.9 The valley irFigure4.8 but de-
downstream sloping longitudinal profile trended. Now is far simpler to find al
Taking measurements for valley width ai average value for the valley width ar
height at set percentage values above t height at set points up the valley sides.
valley floor would be difficult without

drawing many transects manually.

To detrend valleys, so that a sampling framework can be created to sample valley
dimensions at fixed positions on valley sides, the langisgaust be manipulated. The

result of this manipulation is that all the valley bottoms lay at zero whilst the ridges and

peaks are assigned a value of 100. Once the landscape has been manipulated to form a
surface known as the Normalised Elevation ModéEN), the sampling framework can

be extracted from it Figure4.10 and 4.11). The sampling framework is in the form of
WO2yG2dzNBRQ 4G wmn dzyAld AYyGSNBFtao 9FFSOGADSH

position of the valley sides at 10% intervals above the valley floor.
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Figure4.10 A DEM (b) with contours (a) ¢ Figure 4.11 The same area as iRigure

20m intervals showing valley systems.

For each sample area a local relief map (valley side height above local valley floor), as

410, where the valley floors ar
manipulated to zero and the ridges at 10
¢CKS WwWO2y(i2d2NBQ &K
intervals above the valley floor (a). The
equate tothe valley slope positions at 10'
intervals. The flattening of the valle
longitudinal profiles can be seen (b).

well as a map denoting distance from valley cenisederived. Using the sampling

framework, values of local relief and distance from valley centre can then be found for

each of the percentage slope positiofdgure4.12 and 4.13).
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T Height above valley floor 130m
. — —n Distance from valley centre 62m

Figure 4.12 Sampling framework (9 Figure4.13 An example of six data point

contours) showing a single data positic on each percentage samplingafmework

for valley height and width values. slope position. The values for valley hei¢
and width can be extracted at these point
These values can then be averaged
generate an average valley cressctional
profile. In reality many more data point
contribute to the average crossectonal
profile. The amount is dependent on tt
resolution of the original DEM.

In contrast to the transect method, where discrete profiles are found, the average
profile creates an average crassctional profile by taking many local height and width
values at each percentage slope position within a defined area. As both sides of the
valley are used when averaging height and width values, a single valley profile is created.
For the purposes of visual completeness this can be reflected acrossattie to ceate

a symmetrical valley crosectional profile Figure4.14 shows an average profile plotted

with profiles of the same valley derived from thlividually selectedransect method.

= N

(= © © ©

o © o o
Valley height (m)
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Valley half width (m)

=== Hand drawn profiles Mean profile

Figure4.14 Sixindividually selectegrofiles of a 2 order valley on Mt Kenya and th
average profile derived for the same valley segment (this is derived from the
method and not merely the average of thedividually selectegrofiles). The averag
profile is symmetrical as the method averages both sides of the valley; the methot
has a smoothing affect when compared to tneividually selectegrofiles. The averag
profile lies in amongst thendividually selectedprofiles taken from the same valle
visually confirming that the method does create a sensible average profile of the va
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4.4. Overview of method

The method developed incorporates several stages which can be divided into four
distinct data processing groups. ®wf the stages, deriving valley segment profiles and
deriving proxies, involve manipulation and analysis of DEMs within ArcGIS. The initial
stage is deriving the mean valley segment profiles whereby valleys are divided into
defined segments and then theales for the mean valley profile for that segment are
found. From the defined valley segments proxies for ice residence time and flux can be
found by a relatively simple process in ArcGIS. Proxies for the ice residence time and flux
include the mean vallesegment elevation and a value which represents the catchment
area for the valley segment, respectively. The mean valleyneegprofile values, as

well asthe values for ice residence and flux proxiae exported from ArcGIS into Excel
and the next stge where measures representihgnessare derived. Here a form ratio
value can be found directly for each mean profile but for values representing-cross
sectional area antb-values the mean valley profile values are required to be exported
into Matlab whee many profiles can be analysed at once. The esestional area and
b-value results from Matlab are returned to the dataset in Excel and relationships with
the ice proxy values observed. Finally the completed dataset in Excel is returned to
ArcGIS wherespatial analysis can be undertakdrigure 4.15 shows graphically the
stages described above in a flow diagram. The method will be explained in this chapter

with the aid of this flow diagram.
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Figure4.15 The stages undertaken in the average valley csessional profile method.
There are four key stages, 1) Deriving mean valley segment profiles in ArcGIS, 2) (
proxy measures for ice flux and residence timé\rcGIS , 3)deriving measuredaess
of these mean valley segments which is carried out in Excel and Matlab and finally
returning of all the collated data to ArcGIS where spatial analysis can take plac
how doesU-nessvary away from the idide?).
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4.5. Semiautomated method of deriving mean valley
profiles using ArcGIS

The method, based on the Phillips (2009) method, but solely using ArcGIS to derive
mean valley profiles is serautomated in nature, in that the ArcGIS inbuilt tools are
used tofind a mean valley profile for defined valley segments. To implement the
method a series of steps have to be taken in a set order, from processing the initial DEM
to producing average valley profiles for each valley segment. These are summarised in
the flow diagram belowKigure4.16). ArcGIS software is used throughout this stage of
the method.

Deriving valley segment profiles—ArcGlS |

DEM

e 1

NEM | Valley segment map |

}

Sampling Framewark

¥ ¥
Local valley relief Valley half
map width map
, ;
Local relief measurements | | Half width measurements
at % slope positions at % slope positions

Figure 4.16 Flow diagram of GIS implementation
method.

4.5.1 Digital El@ation Model (DEM) prprocessing

DEMs used in spatial and numerical analysis in

| Deriving valley segment profiles—ArcGIS |

[oem | ArcGIS must undergo several processes before

valeysegmentmar | | gnalysis can take place. This prprocessing

involves the selection of the sample area,

Sampling Framewor k

projection of the selected area, followdsy the

Local valley relief Valley hal f
map width map

l [ correction of minor errors in order to create a

L] +

Local relief measurements | | Half width measurements .

at% slope positions 3t slope positions hydrologically correct surface, therefore
I—'—I

allowing unimpeded flow.
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DEMs of suitable areas for investigation are selected (the strategy for selecting sample
areas is covered in detail in Chapter 8)ArcGIS this can be done using several methods
one of which is using the clip tool. The sample area is then projected to the correct UTM
map projection where the coordinates are in metres, using the inbuilt tool for raster
projection in ArcGIS. FinallyeglDEM is processed so that the surface is hydrologically
correct. This creates a surface where by depressions are filled so that subsequent flow
surfaces and networks are not impeded by sinks which do not occur in the real
landscape. The fill tool removeinks, as well as spurious peaks, using a method where
any depression is filled to the lowest level of its surrounding cells and peaks are levelled
G2 | ySAIKO 2 dzNR y I(JensorSst oMidgueY 19EBAMAZ&. GéfbethtizS
1992)

It can be argued that real glacial landscapes are fundamentally not hydrologically correct
due to features such as overdeepenings but for the purposes of this research only
hydrologcally correct DEMs are used. This is justified by the fact that the DEMs used are
not the scoured bedrock surface, they are the pgkicial surface which includes,
sediment fill and the surfaces of lakes, which often conceal overdeepenings once ice
receces, and this is highlighted as a limitation in the summary conclusions of this thesis.
Without a DEM being hydrologically corrected many of the GIS processing cannot take
place as it relies on continuous flow from one cell to the next, and theeetiois 5 a

compromisewhich has to be made.

4.5.1.1 Using a DEM to create a surface which is normalised with respect to local relief

To extract mean crossectional values from

| Deriving valley segment profilas—ArcGIS |

DEM valley segments a sampling framework is
m required. This framework allows for values to

be taken from 0 to 100% valley slope position

Sampling Framewaork

Localvalley retiat Valley halt (at 10% intervals). To find where the 10%
map width map
! 1 interval slope positions are for each valley the
Local relief measurements | | Half width measurements . .
3t slope pesitions st% slope positions valley needs to be normalised with respect to

local relief (i.e. dd¢rended). Once the DEM is
normalised with respect to lo¢aelief, using the method detailed below, the result is a
surface which is called a Normalised Elevation Model (NEM). In effect a NEM is created

by giving all valley floors a value of zero elevation whilst peaks and ridges become a
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value of 100. The valfeslopes adopt the value proportional to their position between
the minimum local valley relief (valley floor) and the maximum local valley relief (valley

top which is the valley divide and could be a peak or ridge).

4.5.1.2 Finding the maximum and minimum slopesitions for the NEM

To find the minimum and maximum local valley positions a drainage network is created.
This is easy to do for the valley floors as a standard flow direction layer can be created
using the filled DEM, a flow accumulation layer (cregtedr to the flow direction) and

the flow direction tool can be used from the hydrology toolset. The standard flow
direction tool uses the Deterministic 8 neighbourhood algorittlanson & Domingue,
1988) A stream network can then be created by assigning a threshold of flow
accumulation greatethan 100 cellsKigure4.17) (Jenson & Domingue, 1988; Tarboton

et al, 1991) However to find the peaks and ridges (i.e. the edges of tHeyg which
constitute the maximum slope position, the DEM needs to be inverted so that the
YAYAYdzY StS@FiA2y @I fdzSa I NB NBLX FOSR o6& GKS
subtracting the maximum elevation found within the entEMfrom each DEM vaki

A ridge network is then produced from this inverted surface by creating a drainage
network where the flow accumulation is, again, greater than 100 cEitpue4.18).

Figure4.19 shows both the delineated stream network and ridge network for Mt Kenya.
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Elevation {m}) Elervation {m;
High : 4524 High : 4371

Low ; 1563 ILow 11010

Figure 4.17 Original DEM with flon Figure4.18Inverted DEM with flow (ridge

(stream) network. This stream network network. This network is that whic

used to define the minimum valley slop defines the maximum slope position. Ti

position. network is not connected as the inverte
59a Aa y2i0 WTATL tebtf
the ridges and peaks from beir
indentified.

Elevation (m)

High : 4324

Low : 1563

Figure4.19 Shows both the stream networ
(minimum slope position, blue) and the ridg
network (maximum slope position, red) whic
are used to define \(ky percentage slope
positions where the stream network is tr
centre of the valley (i.e. 0% slope position a
the ridge network is 100% slope position).
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4.5.1.3 Justification of 100 cell threshold to create flow networks

The 100 cell threshold used from tHew accumulation layer to produce the stream and
ridge network is the recommended threshold for ArcM@enson & Domingue, 1988;
Tarbotonet al,, 1991)and appears to work well for theample areas in the data library.
The use of a single threshold to derive a drainage network from a DEM has been
criticised in the literature and alternative methods suggested). Vogtet al, 2003)
aSiK2Ra AyOfdzRS WodaNYyAy3I AyQ I 1Y@®YI LINBDA 2
Beighleyet al, 2005)or a method based on landscape categorisation, like the criteria
based region growing methad@BRGM) by Colomled al. (2007) In theCBRGM method

it was found that in a European landscape the drainage network was mainly affected by
relief and geology; the highest values for the categorisation being found in the Pyrenean
and Alpine regiongColomboet al., 2007) As the areas which make up the data library
were selected for their homogenous degy and mountainous relief it is therefore
thought that a single threshold to derive flow networks is a suitable method. However a
method demonstrated by Colombet al. (2007)could be considered in the future for

more complex landscapes.

4.5.1.4 Overcoming stream network delineation in flat areas

Although the standard ArcGIS tools provide a means of creating drainage networks some
problems arise in very flat areas, such as the wide, relatively shallow valleys found in
PatagoniaAntarctica type landscapes. Here stream networks creating by the standard
ArcGIS toolset can often generate parallel streams in a netwbiufe 4.20). This
interferes with the creation of the NEM and therefore a more sophisticated tool is

required which can tackle this problem.

The soltion was to use the freely downloadable Terrain Analysis Using Digitial Elevation
Models (TauDEM) todirarbobn, 1997)which is fully compatible with ArcGIS. This tool

creates a flow direction layer which takes into account upslope and downslope areas
therefore creating a drainage network without parallel flow paths. It also uses landscape

curvature as well asonitributing area to help to delineate a stream netwdtigure4.21.
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Figure4.20 A stream network delineatior Figure4.21 The same area as iRigure
using the standard ArcGIS. Note the me 4.20 where the TauDEM tool is used.
parallel steams. clearly shows the elimination of parall
streams in the flat valley floors an
creates a more realistic stream network.

In nearly all cases a single stream in each valley can be achieved and is therefore a good
framework for the minimum valley relief network. Where this does not occur, even
using the TauDEM tool, the valley segnemte eliminated from the dataset as it is
thought that the valley floor is so infilled with glacial deposits or contains lakes that the

valley would not be suitable for taking morphology measurements.

4.5.1.5 Using stream and ridge networks to create the NEM

Tocreate the NEM a surface corresponding to the minimum elevations, identified from
the stream network, and a surface representing the maximum elevations, identified
from the ridge network, must be produced. These layers, as well as the filled DEM, can
then be used in a calculation which produces the NEM, where all valley floors are a value
of zero and ridges and peaks given a value of 100. The method utilises hydrologic
analysis tools in ArcGIS to assign maximum and minimum values to the whole sample

area.

The drainage networks created to represent the stream netwdiilgjre4.22) and ridge
network (Figure4.23) correspond to the local minimum and maximum elevation. As

these retworks are raster layers their individual cells can be populated with the value
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from the DEM to which they spatially correspond. This creates a layer where each
stream network cell has the elevation value from the DEMre4.24) and is repeated

for the ridge network so that each ridge network cell now has the corresponding DEM
value Figure4.25). To do this, as both the stream and ridge network cells have a value
of oneg the times tool is simply used with the DEM resulting in the DEM values being
assigned to the networks. Where widéat valleys occur the ridge network occasionally
extends down valley spurs into the flat area. This interferes wighnext stage of the
method and therefore the parts of the ridge network which extend to the valley
bottoms are eliminated. This is done by deleting any of the ridge network cells which

correspond to low slope values, found from a slope surface.

Figure 4.22 Stream network delinead Figure 4.23 Ridge network of the sam
using the TauDEM method to preve area ag-igure4.22.
parallel streams.
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Figure 4.24 Stream network with DENMN Figure4.25 Ridge network, which has ha
values. This creates a layer with all t values corresponding to low slope ang|
local minimum local relief elevatio removed, populated with DEM valudsach
values. Each pixel along the stream ha pixel along the stream has a real elevati
real elevation above sea level and above sea level and ghaded in greypcale
shadedin greyscaleaccordinglyabove accordingly above.

Following this, the entire sample area needs to be populated with the corresponding
stream (minimum elevation) and ridge networkdrimum elevation) valuesio do this

the watershed tooln ArcGIS is used. This populates the remaining cells with the
minimum or maximum values by using the filled DEM and inverted DEM, respectively, to
hydrologically delineated zones. Catchments are created for each individual network
cell. These are areas vehi contribute flow to each of the network cells from which it
originates Figure4.26). This is a simple step from the stream network stage as the flow
direction produced from the filled DEM is used to create th&cloments. However, for

the ridge network, a flow direction raster of the inverted DEM needs to be produced in
order to create these catchment§ifure4.27). Some sections of the sample area are
not populated witha value. This is especially true for the ridge network catchment
surface due to the inverted DEM not being filled and therefore not being a
hydrologically correct surface. To populate these data voids the maximum (or minimum,
in the case of the stream nebrk catchment surface) value in each data void is used to
populate it. This procedure means that the ridge network catchment surface, as well as

the stream network catchment surface, has a value for each cell in the sample area.
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Figure 4.26 The sketch shows how th Figure4.27 The sketch shows how thi

watershed tool is used to populated are. same method can be used to popula

with the elevation for each stream networ areas with the elevation value from th

cellcreating the valley floor watersheds ridge network cellscreating the ridge
network watersheds

Due to the longitudinal profile characteristics of fluvial and glacial valleys this method
has $ightly different response for different valley types. The method of dividing areas
according to flow into a single network cell (stream or ridge network) appears to work
well for Ushaped landscapes where the longitudinal valley profile is flatter than an
upland fluvial landscape. This means that in-ahidped valley the flow direction down
the sides of the valley are perpendicular to the valley fld€ig\re4.28) rather than at

an oblique angle which is the cat® steep fluvial networksHigure4.29). Therefore,

the steeper longitudinal profiles of fluvial networks mean that the valley floor
watersheds(Figure4.26) do not encompss thecorrespondingidge cell perpendicular

to the valley floor, they are instead slightly off§Eigure4.29). However this is not such

a problem with glacial landscapes and is therefore a valid method foriruggacial

landscapes.
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Figure4.28 A sketch of a glacial valley wii Figure 4.29 A sketch of a fluvial valle
contours showing cell catchments runniit where cell catchments are oblique to tr

perpendicular to the valley floor cells. valley floors cells due to the steepi
longitudinal profile shown through the
contours.

To produce a surface which is normalised with respect to local elevation (the Nominalise
Elevation Model or NEM) the stream (minimum elevation) and ridge (maximum
elevation) netwok catchment rasters, as well &se filled DEM can then be used to
calculate the NEM using the ArcGIS raster calculator. The ArcGIS raster calculator
calculates tle value for each cell from the input surfaces. Equation 4.1 is used to
calculate the NEM, whermin elevationis the stream network catchment surface and

max elevatioris the ridge network catchment surface aBEMis the filled DEM:

000 000 08RQaQL WO Q&£ pmm [4.1]

The first part of Equation 4.1 creates a relief map where local valley floors become zero
and the valley sies adopt a value for their height above the local valley floor. The
second part of Equation 4.1 normalises the local valley relief between zero and 1. This is

then multiplied by 100 because ArcGIS copes better when dealing with integer numbers.
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The finalprocess involves the NEM undergoing a oileg procedure. This is whesmy
values which do not fall between 0 and 100 are deleted and become cells with no data

assigned to them. The rasters produced are showrignre4.30¢ 4.33.

DEM (m)
High : 4924

Low : 1563

Figure4.30 DEM with hillshade of Mt Kenya

MEM
High : 100

Law: 0

Figure4.31 NEM of Mt Kenya clearly showing that all valley floors and ridges and |
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DEM {m)

l High ; 4924

. Low: 1563

Figure4.32 DEM of Mt Kenya visualised in 3D.

L hEm
hadn e lHigh:lDD

\

LML loweo

Figure4.33 NEM of Mt Kenya in 3D showing a flattened peak where only the va
show relief. The NEM here is displayed with a vertical exaggeration of 2.
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4.5.2 Creating a sampling framework from the NEM

The purpose of creating an NEM is for the

| Deriving valley segment profiles—ArcGlSs |

DEM surface to be useds a sampling framework.
@’"’E This sampling framework is made up of

Paa— wo2yidz2dNR fAySa d asid af 2L
ooty el Vaeyrat 20%, 30% up valley sides). Having produced the
i — NEM it is now a simple procedure in ArcGIS to
i dopepotions | % oo generate the sampling framework.

Percentage slopepositions at 10% increments arsuggestd for the sampling

framework. This is achieved by using the contour tool in ArcGIS and applying it to the

b9ad C2NJ FdzNIKSNJ OF t Odzf [ GA2yas GKS wO2yil2dz2NR
shape file layers correspding to each contour value (10% to 90%ig(re4.34). The

o WOy G2diNR tAYS A& y2G ySSRSR a dGKA&a Aa Faa
MAE: WO2yid2dz2NR fAYyS Aa y2ient deélSRindldénot 6 KSaS | NB

incorporate enough values to be meaningfulconclusion found by Phillig2009)

i q Slope Position

D ——
R —— 80%
— 0%
—— 60%
- 50%
— 20%
30%

20%

10%

Figure4.34 Shape file lines denoting NEM 4@ &’z &f 2 LIS L2 &A
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4.5.3 Generating local relief anlaalf width maps for mean vallesegment profiles

Once the sampling framework has been

| Deriving valley segment profiles—ArcGIS |

e | generated it can be used to produce the mean

vaeysegmentmap | | V@lley segment crossectional profile. The

values needed to create the profile are the

Sampling Framework

p—— fr— mean height above local valley floor (the local
map width map
IR E— relief) as well as the corresponding mean
Local relief measurements | [ Half width measurements . . .
at% slope positions at% slope positions distance from the centre of the valley, which is
I—'—I

the half valley width, for each slope position in
each valley segment. From these values a esessional profile can bgraphed and
analysed. In order for this method to be automated it uses mean values from defined
valley segments to give the mean valley segment profile. The method used to extract
the local relief and half valley width values as well as the valley segti@mmtare

explained and justified in the following Sections 4.5.4 and 4.5.5.

4.5.3.1 Local Relief Map

A local relief map is a surface created in ArcGIS

| Deriving valley segment profiles—ArcGls |

DEm | which is the height at any location above the

vaieysegmememap | | |gcal valley floor. This surface is used together
with the samping framework to find the height

Sampling Framewark

e s Valley halt above the local valley floor at each slope
map width map
J . S position. These values can then be averaged
Local relief measurements | | Half width measurements .
st% slope positions 3t% slope positions for each valley segment to find the mean
I—'—I

height at each slope position with the valley

segment in order to create a mean valley segmaosssectional profile.

To create a local relief map in metres a raster layer of height above local valley floor is
produced. This is calculated by subtracting the stream network catchment surface
values (minimum local elevation) away from the originiééd DEM (this is the first part
of the NEM calculation found in Equation 4 .Eigure4.35 shows an example of a local
relief map produced by this method. It is a raster layer where each cell is the height in

metres above local valley floor.
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To gain the average local relief, for a valley segment, at any given slope position the

af 2LIS LISNOSydlF3aS wO2yi2dz2NEQ | NBigu=hs)mA Ay O2 YO A Y|
tool isused whereby any line, in this case the slope position contour line, can be used to

calculate an average value for the raster cell values which the line intersegisre

4.38). This is explained more detailin Section 4.R.2.

- z.
Relief DEM {m) =

Yalue = R \ét
.High : gog "ﬁﬁ%
ok

Figure4.35 Local relief DEM showing valle Figure4.36 A sketch of a valley segmel
floors as zero relief, remaining cells a in cross profile showing how th
given a value in metres above the loc percentage slope positions are used
valley floor. gain average valley segment relief.

Relief DEM (m)
High : 855

Low: 0

Relief DEM {rm)

High : 855

Lowe : 0
Figure4.37 Local relief map of Mt Keny: Figure 4.38 Shows how the percentag
Coloured areas indicate the 2nd ord slope positim lines pass across the rast
catchment valley segments. Red box shc cells of the relief map containing th
the area selected foFigure4.38. height above local valley floor data. Tl
length of the line in each cell is then us
to calculate a mean for the slope positic
line within the valley segment (pink area
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4.5.3.2 Half Valleywidth Map

In  conjunction with local relief values,

| Deriving valley segment profiles—ArcGIS |

DEM described in the previous section, width values

vaeysegmenemap || Need to be computed in ordeto produce a

crosssectionalvalley profile. The valley width

Sampling Framewaor k

is the distance from the centre of the valley to

Local valley relief Valley half
map width map

1 ] | each cell and is calculated by producing a

Local relief measurements | [ Half width measurements

st% slope positions at% siope positions surface map with these values. A tool in

I—'—I

ArcMap can be used to calculate this in any
defined unit, in this case metres. The tool is called the path distance tool. This tool
produces a surface where each cell value is the sBbrtiistance from an allocated
source. Thesource is the valley centréefined by the valley stream network. The tool
gives a measurement for half the width of the valley, as it is the distance from the valley

centre.

Tests showed that this tool could nsimply be used on the whole stream network (the
source), as tributaries interfered with the result. This was especially true with higher
order streams which occupyide, flatvalley floors. Here smaller tributaries were closer
to the source than the streamequired for measurement, therefore, creating smaller
valley widths than were observed. To combat this, the stream network was divided into
separate layers, according to their stream order, and then the path distance tool was
used for each layeF{gure4.39 and 4.4(. The path distance layer for each stream order
is used to find the valley half width measurements by defining the area required with

the valley segments for each stream order and disregarding theirefeaFigure4.41).
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Figure 4.39 1st Order streams used as Figure4.40 2nd Order streams used as
source for the path distance tool and tF source for the path distance tool and tr
path distance surface produced (light path distance surface produced.
shades are great distances).

2nd Order streams|

Path Distance (m)
4393

Figure 4.41 Coloured areason the map
show valley segments of 2nd order vall
segments. Only values within thes
segments are used to derive average val
crosssectional profiles.

To find the valley segment half width at each slope position the same tool is used as that
to cakulate local relief and is explained in more detail in Sectiorb4hd 4.56. Figure
4.42 shows how a valley cros®ctional profile uses the valley slope position sampling

framework to find the half valley widthalues.
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Figure4.42 A sketch of a valley segment in crgssfile
showing how the percentage slope positions are u:
to gain valley segment half width values.

4.5.4 Valley Segmentation

In order to analysisK2 g | flyrRaoOl LIS

| Deriving valley segment profiles—ArcGls |

o | geomorphology changes spatially it must be

varey=esmentmap | | (livided into meaningful areas. As valley cross

sectional profiles are to be investigated a

Sampling Framework

method for dividing the DEM into valleys and

Local valley relief Walley half
map width map

J N S valley segments must be developed. Although

Local relief measurements || Half width measurements

at5% slope positions at5% slope positions there are many different methods of

I—'—I

segmenting valleys in ArcGIS the main problem
which has to be overcome is labelling each valley segment with an individual

identification number.

Several methods were explored. The first method involved dividing valleys by stream
order. This appeared to work well but created some very long valley segments. Very
long valley segments potentially have a greatly different csestional valley profile
down valley. Therefore when an average of these long valleys is taken the resulting
value would not be useful for understanding the spatial variability of valley eross

sectional profiles. Instead smaller valley segments were created by splitting segments at
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set distances. This method satisfied the need for smaller segments but had the tgndenc
to split segments at illogical points, for example just before or after tributaries. The final
method experimented with, splits valley segments at tributaries. Although this does not
give segments of equal length it provides a far more logical methaskgsients are

divided between major flow inputs which have been attributed in the change of valley

morphology below said tributarfMacGregoet al., 2000)

Figure4.43 DEM with the stream networl Figure4.44 DEM dividedrito catchments
defined as a geoetwork where the (blue) 6 & dzaAy 3 GKS | | g0k
lines show the location of the strear stream network and junctions are als
network and stream junctions are show displayed.

as points (yellow). The points are used

split the line at their location. This enabl

each line segment to have an individt

identification number.
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e

Figure4.45 Catchments corresponding t Figure 4.46 Catchments are givel
the stream network are identified and individual identification numbers whicl
merged. Gaps ams as first order correspond to the gemetwork line
catchments are not used in this analysis. identification number.

To create vallg segments by splitting areas at flow tributaries several steps have to be
taken in ArcGIS, the first being to create a-getwork from the stream network. Unlike

the stream network a geo network acknowledges where lines connect by creating a
junction asa point feature Figure4.43). These point features can then be used to split

the lines where they coincide. An inbuilt tool for this was not available in ArcMap but a
WEAySaLXt AdQ G22t O2idegRteddirfo ARRIapywhighlnde Rhis T NB S
step simple. Each split line had an individual identification number which is used to
identify valley segments. The simplest method to create valley segments from the split
lines was to use the catchments automatic&# ONBIF SR o6& |1+ 60KQA
Extensions (desibed in detail in Section 4.5.6Figure 4.44). Where the split lines

intersect the catchments they are populated with the split line identification number
(Figured4.45and 4.46).

4.5.4.1 Eliminating valley headwalls

The f' order valley segments present a unique challenge. This is because they
incorporate the headwalls of the valleys. Tests showed that although some valley
headwalls did not interfere with the *Lorder statistics many did due to their different

morphology from valley sides. Therefore a method was developed to eliminate the
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valley headwalls and only included valley sides in the average valley segment

calculation.

This was achieved by isolating the source stream network cell at the head of the valley.
To do this the flow accumulation layer was used with the zonal statistics tool to find the
minimum value in each first order valley segment. Once these cells weateddhe
watershed tool could yet again be used with the DEM flow direction layer to delineate a
catchment above the source stream network céliglre4.47). This area can then be
converted into a polygonFigure4.48) and then by using the erase tool to delete the

headwall area from the originaf*brder valley segment polygonBigure4.49).

1st arder catchment
valley heads

M valley heads
Flovs Mebwiork.

Figure 4.47 Coloured areas shown ar Figure4.48 Polygons of valley heads ar
valley headwall areas. 1st order catchments.

1st order catchments without valley heads

O

Figure 4.49 Polygons with valley heac
eliminated.

Although this method was developed and therefore included in this chapter is was
decided that first order valley segments would not be used in analysis as in some sample

areas the landscapes still contained reanh glaciers which had retreated into cirque
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glaciers. To avoid measuring this ic€, drder catchments were not included in the
dataset eliminating the requirement for this procedure. It was also thought that the
limited flux in these valley segments wdumean that they would not be as important as
higher stream order valleys for investigating spatial variability of valley -sexg®nal

profiles.

4.5.5 Using the sampling framework with the valley segments to generate average

valley profiles

Once valley sagents are created (explained in tipgevious section, Section 4.5.the

segments can be used to define areas in order to create average valleysenissal
LINEFAESad ¢2 3AFAY YSFIYyAy3IFdzZ NBadzZ Ga GKS &
individualvalley segment, need to be selected so that statistics for each valley segment

can be found. In order for the valley slope position lines to be used for theagwer

valley crosgrofile analysighe valley segments, in conjunction with the intersect tool,

I NB dzaSR (G2 WwWOdzti 2dz2iQ SIFOK @grftsSe aftz2LS LkRa
(Figure4.50 and 4.51). Finally, to make sure that the slope position lines are continuous

within the valley segment anddapt the valley segment identification number the

dissolve tool is used to allocate each line with the corresponding valley segment

number.

Slope positions
0%
s L E1%
0%

B0%

50%
40%
‘F 0%

20%

& d -

Figure4.50 2nd order valley segment Figure4.51 Percentage slope lines intersecte
on Mt Kenya. Red boxhews area in by the valley segments.
Figure4.51.
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4.5.6 Finding mean depth and width values to create mean valley-sams®nal profile

The adjusted sampling framework of slope

| Deriving valley segment profiles—ArcG1Ss |

DEM position contours, explained in therevious

valeysezmenemap | | SeCtion (Section 4.5)bis used to find the mean

local relief from thelocal relief map (Section
4.5.11) and width from the valley half width

Sampling Framework

Local valley relief Valley half
map width map

I E— R map (Setion 4.5.3 for each valley segment.

Local relief measurements | | Half width measurements

at % slope positions at ¥ slope positions An ArCGIS eXtenS|On, Whlch Can be dOWﬂloaded

| —

and is fully integrated in the software, makes

GKAa GFral SIFLaASN® ¢KS G222t SEGSyaAiAzy A& LI NI
collection of spatial analysis tools whichn be used directly in ArcGIS (ArcMap) and are

free to download. They provide simple spatial analysis functions that are not otherwise

incorporated into the ArcGIS toolset.

¢KS WiEAYS NI adSNI Ay SNEKDGG A 2/ | REPrdElcasERA2G & D Eli2S2y/ta
data which represents a statistical summary of the cells of a raster layer which a line

passes through, to be calculated based on the length of the line which intersects each

cell. To derive the average cressctional profile of each valley segnt the length

weighted mean statistic is calculated for the local relief and half valley width layers

within each valley segment (the use of the mean averaging staissjustified in Section

4560M0 ¢KS WEAYS NI adSN thighy SiNtpligng thalength gt G G Aa G A Oa
each line segment which crosses a raster cell value by that cell value, summing all these

individual line segment values and then dividing that sum by the total length of the

polyline, in this case the percentage slope ipos contour. This is shown in Equation

4.2 below,

[4.2]
of  ad o

wherel is the length of the segment;is the value of the raster cell for that segment,

andLis the total line length.

This tool can not only find the mean valueral a line for one raster layer but it is able
to compute values over multiple raster layers concurrently. This reduces processing time

as the valley local relief and half width mean values at each percentage slope position
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can be calculated concurrentlfhe mean values at each slope position can be exported
into Excel where mean valley cresactional profiles for each value segment can be

visualised and statistics extracted. This is explained in detail in Section 4.6.

4.5.6.1 Averaging methods

Investigations wee made into the most appropriate averaging statistic to use for the

average cros8 SO A2y LINRPFAES 2F SWOKYy DI NXE S&éSNSAYSE
atldradraoaqQ G222t 3IAPSa GKS fSy3adk ¢SAIKESR
median, as wk as, the mean to be calculated. This method converted the percentage

slope position polyline shape files into raster layers of 5 m resolution. These 5 m raster

cells could then be multiplied (using the times tool) with the half width and local relief

maps to produce 5m cells containing the half width and relief values. It is then possible,

using the zonal statistics tool, to find the statistics from these cells within each valley

segment. The resultant mean valley cregstion profiles of these two methis were

almost identical Figure4.52).

= Raster mean

Valley height (m)
[
[4))
o

100 A ==yt Polyline mean

0 100 200 300 400 500 600
Valley half width (m)

Figure452DNJ LK aK2gAy3a GKS NI &adSNI p Y NB
aldldAraidaoaq LI forathalfywlley RiSfikrIoiZaSsiRgle Waley \segment
Mt Kenya. It shows identical results.

When exploring averaging statistics for valley cremsstions the mean and median
values were compared. The resultant crsgstions are shown in the graphs oel The

profiles show that the median results lack the smooth profile of the mean regtiliare
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453 and 4.54). Although the results can be very similar, aBignre4.54, the mean

profile has a smoothing ability that is preferable.
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Figure 4.53 The half valley crossection Figure 4.54 The half valley crossection
profile of a single 2nd order catchment ¢ profile of a single 3rd order catchment
Mt Kenya. the Yoho area, USA.

For the mean to be an appropriate average statistic for use in producing mean cross
section profiles the data must have a normal distributi@he histogram irFigure4.55
shows the distribution of half width values fol ®rder catchments at the 90% slope
position. It shows that the data follows a normal distribution and therefore that the

mean is an gpropriate statistic to use.
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Figure4.55 The distribution of half width values for 3rd ord:
catchments in the Yoho area, USA, at the 90% slope pos
The sample size is 905942 of 5 m raster cells.

86



Crosssectional characteristics of glacial valleys
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raster 5m resolution method, the processing time for each sample area is reduced and,

more signifcantly, this method requires less computational power and storage. This

means that larger areas can be processed in more reasonable times and within normal

computer storage capacities.

4.6 Creating Mean Valley Segment Cr&sxtional Profiles
and Deriving Masures

The next stage in the method is to create mean valley esestional profiles and derive

YSI &dzZNBa 6KAOK RSTAYS UinksS Todo thi tledmednIMaudsi f SQa F
of local relief and valley half width for each valley segment, foundncGIS, are

exported into Excel. Here the mean valley crssstional profile can be plotted from the

mean local relief and half width values aoh percentage slope positiohQ% through

to 90% valley slope position). However for measuregd-oessto be found, calculations

are eithercarried out in Excel, in the case of form ratio, or the data is exported into

Matlab where values for crossectional area ant-value can be found. These values can

then be returned to Excel where all the measures deriveth be compiled in a

spreadsheet. The flow chart Figure4.56 shows these stages of the method.
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Deriving measures -
Excel

Mean valley segment profiles

¥ ¥

Matlab | | Form ratio

-value

Cross-sectional
area

L J

| Excel Spreadsheet I‘i

Figure 456 A flowchart showing the stages in tr
method where he mean relief and mean half widt
values are taken to make a mean creggtional profile
and then used to derive-nessmeasures.

4.6.1 Creating mean crossectional profiles

Deriving measures -

Excel

88

Values from ArcMap can be easily exported from

attribute  tables into Excel spredisets.

Meanvalley segment profiles

Therefore the values for the mean relief and half

width at each slope position can be collated in a

spreadsheet. Here mean craessctional profiles

'b—l—i'

Matiah | | Formratio | can be visualised={gure4.57) and measures of
at
valley gla@tion calculated.

Cross-sectional

¥
Excel Spreadsheet
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Figure4.57 An example of a mean valley cresectional profile of a 2nd order valle
segment on Mt Kenya. The average profile method uses both sides of the valley
averaging mathod giving a mean half profile. Therefore the half profile is reflec
across the yaxis to visualise a whole profile.

To make the process quicker in Excel, the data contained in ArcMap attribute tables,
which comprises the mean statistics for the &rgentage slope position lines (10% to
90% valley slope position) for each valley order segments (this is usually 5 or 6 but can
be greater dpending on the amount of streamrders a sample area contains), the data

is combined into one attribute table befe exporting into Excel. To incorporate the data

into one attribute table for each valley order 9 percentage valley slope position tables,
containing the mean values, are joined in ArcMap. This creates a single table for each
valley order segment (usualbyor 6 tables). This is done using the join function with the
valley segment identification number as the common field for each slope position. These
tables can then be exported into Excel and analysis can take place within Excel software

(for example visalisation of profilesFigure4.57).

Before any analysis can take place in Excel the data is filtered for any spurious results.
Some filtering has already taken place in ArcMap during the joining of the tables
process, where only valley segments containing all 9 percentage valley slope positions
are input into the amalgamated table. In Excel, however, any valley segment with an
area smaller than 1.62km?2 (this is 200 cells) are removed from the dataset. It is deemed
that these valley segments are too small to gain meaningful results and may be

influenced by edge effects.
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4.6.2 Deriving Uness measures

Derivingmlwl_m - Now that a method for systematically generating
Excel

mean valley crossections has been established

Mean valley segment profiles

the mean crossectional pofiles can be

~:_ _ gquantitatively investigated. ThE-nessmeasures

identified from the literature can be calculated

i—l—i
Matiab | Formratio | and comparisns made between valleys. At this

stage of the method the data for each mean

Cross-sectional

e valley crossection has been filtered and

h A

w collated wthin an Excel spreadsheet. Form ratio

for each valley segment can be calculated within the Excel spreadsheet vhdkies

and crosssectional area require Matlab software for efficient calculation.

The average half width and average height values at18% to 90% slope positions
compiled in an Excel spreadsheet for each stream order, therefore enabling calculations
to be separated by stream order. The first calculation, form ratio, is carried out in Excel.
Form ratio is a dimensionless ratio of a wallghich uses the valley depth and width
(Graf, 1970)In the case of the measures used this is the height from local valley floor at
the 90% slope position (i.e. the maxim y value) and the valley width (i.e. the
maximum x value doubled, as the x value represents the valley half wilth)ré4.58

and 4.59). Equation 4.2 is used for the form ratio calculation,

R B ) [4.3]
O 1 Ywo Qe&————
| A@D C

where, max yis the mean local relief value at the 90% slope position raad Xis the

half width value at the 90% slope position.
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Figure4.58 The depth measurement is taken from the 90% slopetjors

Figure4.59 The width measurement is taken from the centre of the valley to the edg
the 90% slope positiarFor form ratios this value needs to be doubled.

Next the data is exported into Matlab whetevalue and crossectional area can be
calculated. For this calculation to be carried out efficiently a short Matlab script was
written. This script takes thenean values for local relief and half valley width for the
10% through to 90% slope positions (the bottom of the valley, i.e. 0% slope position, is
assumed to have a value of zero). The script fits a pdawercurve to these values in

order to obtain thea andb parameters of the powelaw (Equation 4.4).

W 0w [4.4]
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wherey is the local valley relief and is the half valley width at each slope position,
whilst a coefficient andb exponent to be found. Thb-value has been used extensively
in valey crosssectional form literature to describe the degree to which a glacial shape
has been adoptedSvensson, 1959 b-value of 2 representing a glacialddape, whilst

a value of 1 aftivial \'shape. The powelaw curve in Equation 4.4 is fitted to the data to

find thea andb parameters.

The final U-nessvalue calculated is the crosectional area of the valley profile.
Integration of the powettaw allows the area to be calculated ugirthe a and b
parameters. As the powdaw is a continuous curve the location of the end of cross
section needs to be found. This is done by taking an average between the curve area
which is at the 90% slope position of the x coordinate and the curvevelnazh is at the

90% slope position of the y coordinate, thus preventing bias towards the x or y
coordinate. Equation 4.5 is the result of the integration of the poleer that finds the

crosssectional area from inside the curve and therefore the valleggsection area.

(bg')‘l’l
O -Q"II’ W n 4.5
(k{“w p 1 145

u ¥

For interestFigure4.60 shows the powetaw curve fitted to a mean crossectional
profile. However, it is théb-value and cressectional area measures which are the
critical data, and thesdJ-ness measures associated with each valley segment are

exported and compiled in an Excel spreadsheet.
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Figure4.60 Mean profile of a 2d order catchment valley segment (identificatic
number 64) on Mount Kenya. The poweaw computed thea and b-values to be
0.18033 and 1.0455 and this curve is shown.

4.6.3 Comparison aihdividually selectegrofiles with mean valley profile

In order to jusify the use of mean valley crosection profile as a valid method for
producing valley profiles it was compared to timglividually selectedransect method.

Six transects were drawn along selected valley segments and these were compared to
the mean vallg segment crossection profile. Valley segments were selected fronf®a 2
order catchment on Mt Kenya and & 8rder catchment in Yoho, USRigure4.61 and

4.62).
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Figure 4.61 Map showing 6individually Figure 4.62 Map showing 6individually
selected profiles for a 2nd order valle' selected profiles for a 3rd order valle'
segment on Mt Kenya. segment in Yoho, US

The resultant graphs show that the mean valley segment profile for the selected valley
segments lies within thandividually selectedransect limits Figure4.63 and 4.64). It is
important to note that the stindividually selectedransects only represent a snapshot

of the whole valley and are subject to the errors listed in Section 4.2. The mean valley
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segment profile aims to capture the morphology of the entire valley. It is an average of
the valley slope @file, which includes both sides of the valley and therefore the result
gives a half valley profile. In the graphsHigure4.63 and 4.64 the mean profile has

been mirrored over the Jaxis to help visualise theass valley profile.
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Figure4.63 A graph showing sirdividually selectegbrofiles of a 2nd order valley on N
Kenya and the mean profile derived for the valley segment.
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Figure4.64 A graph showing siindividually selectedorofiles of a 3rd order valley i
Yoho, USA and the mean profile derived for the valley segment.

In order to estimate how manindividually selectedransecs the mean valley profe
method is equivalent to for each valley segment at the 90 m resolution the number of
valley floor cells is found. In the case of the Mt Kenya the sample valley segment, shown
in Figure4.63, the mean crossecton profile is equivalent to drawing 108dividually
selectedprofiles. Whilst for the Yoho sample valley segmdfigre4.64) the mean

profile crosssection represents an equivalent of 2#ividually selectegbrofiles.
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During the Matlab analysis additional filtering of the data takes place. Any mean cross
section profiles which Matlab cannot fit to the powlaw are removed from the dataset

as well as any spurious results, for example negdtivalues. Througlall the cleaning
processes which take place in ArcMap, Excel and, finally, Matlab approximately half to
one thirds of the initial valley segments are removed from the dataset. This reduces with
higher stream order valley segments. For example, Mt Kengaliyihad 664 first order
valley segments. Once the dataset was filtered for poor results 281 remained in the
dataset which equates to 57.7% of valley segments removed from the dataset. This is
compared to the second order valley segments where 158 iieseidentified and 97

were deemed adequate for the dataset; a total portion of 38.6% being removed from

the dataset.

4.7 Deriving residence time and ice flux proxies

In order to assess the effects of glaciation on a landscape, to compare with valley
develppment measures estimates for the scale of ice erosion are needed. Chapter 3
discussed suitable proxies and concluded that elevation was an appropriate proxy for ice
residence time and catchment area for ice flux. The DEM, together with ArcGIS, can
provide a means for calculating these proxidsigure 4.65 shows the stage of the

method to which the deriving of proxies fits.
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Elevation can be directly gained from the DEM. Elevation is used as a proxy for ice

residence time because in general ice will be in existence for the longest period of time

Deriving proxies - ArcGIS

Residence
time proxy

lce flux
proxy

Figure4.65 Method stage for

deriving proxes

at the highest elevations. Correlations between mean valley segment prafitbsnean

valley elevation will give insight into valley development.

Meanwhile ice flux is the quantity of ice which passes through any valley segment and is
thought to be proportional to the erosion rate. Although residence time accounts for the
amount of time which a valley segment is subjected to glacial erosion it does not
account for the quantity and erosive force of a glacier. As ice flux increases down glacier
to a maximum at the equilibrium line, it is here where intense glacial erosion occars. Th

ELA moves up and down valley (controlled by climate) as the glacier advances and

NBGNBE G &

flux has occurred over time. Valley connectivity dictates the amount of ice fed from

other glaciers in an alpine glacial environment. This drainage pattern remains afte
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deglaciation and can be utiéid through a DEM of the landscape to obtain catchment

areas. Relative to small catchments it is presumed that larger catchments will have

received more snowfall and therefore will require a greater ice flux to transport it.

Catchment area is thus a useful proxy for ice flux. In ArcMap catchment area can be

easily calculated through flow measures of drainage pattern using inbuilt tools.
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Once proxy values have been calculated relationships between proxieslandss

measures

can be

investigated. Conclusions from both regression and spatial

relationships could help to inform ideas on valley development.

4.7.1 Obtaining valley segment mean elevations

‘ Deriving proxies - ArciGlS |

Residence
time proxy

lce flux
praxy

Mean elevation values will be used in analysis to indicate ice
residence time for each valley segment. As valley segments
have already been defined in ArcGIS in the previous stage of
the method they are used in the same format to find the
mean elevationn the segment. The process involves using
the valley segment to define a zone in which the mean of all
the elevation pixels, taken from the DEM, is calculated for
each valley segment. This gives a single value for each valley
segment, which can be both giayed visually in ArcGIS
(Figure4.66) and also exported into Excel.

Mean elevation
4096m

1665m

Figure 4.66 Sample area showing mean elevation for et
valley segment.
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4.7.2 Computing conibuting catchment area values for each valley segment

The catchment area of each valley segment which will be

| Deriving proxies - ArcGlS | used in future analysis as a proxy for potential ice flux is

found by a similar method as that used to find the mean

elevation for each valley egment. The same valley

Residence Ice flux segments as before are used to define zones in ArcGIS.
time proxy proxy

Instead of simply using the DEM elevation values some
processing needs to take place. Inbuilt ArcGIS tools for
hydrological analysis are used to give a value for catchment

area.This was achieved by using the flow accumulation tool

to find out how many cellsdlv into each cell in theample

area. Using the valley segments to define zones the Zonal Statistics tool is used to select
the maximum flow accumulation value in each elbegment. This results in each valley
segment being assigned a value which represents the maximum flow value for that
segment and therefore a measure of catchment area. The catchment area values for
each valley segment can be exported into an Excel da@bor display in ArcMap
(Figure4.67).
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Figure4.67 The stages in ArcGIS used to find a value for the ice proxy. a) is the o
DBV of Mount Kenya, b) is the flow accumulation layer which is used with the v
segments (c) to produce a maximum flow accumulation value for each segment (d
units here are the number of 90 m pixels which contribute flow to the particular v:
segment, and of course, this increases down valley.
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4.8 Relationshipbetween Unessmeasures and proxies

Once theU-ness measures and proxy values are collated in an Excel spreadsheet
regression models between measures and proxies can take pFagere4.68 shows

how the U-ness measures and proxies are brought together in the method.
Understanding the relationship betweddrnessmeasures and proxies can indicate the

development of glacial valleys and inform procksewledge.

Deriving measures -

Excel Deriving proxies - ArcGIS

Mean valley segment profiles

Residence Ice flux
time proxy proxy

Matlab

Form ratio

Cross-sectional
area

Excel Spread sheet }

Figure4.68 Diagrammatic representation of the method at the sta
where U-nessmeasures and proxies are brought together to ena
analysis of correlations.

GraphingU-nessand proxies valug and analysing the degree of correlation can aid
understanding of relationships and potentially valley developmEigure4.69 shows an
example, where the correlation between form ratio and mean elevation, wisch

proxy for ice residence time, is graphed. This is discussed in more detail in Chapter 6
Section 6.5.2.
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Figure4.69 The relationship between form ratio and mean elevation (residence time
all valey segments in the Pyrenees. The graph shows a line of best fit whicR-|
squaredcorrelation of 0.618 for the 7573 valley segments which is significant abov
nonm: £S@St yR |y Sandividvallyis8etedS Ijlided GlatSS

4.9 Spatialanalysis of mean valley segment cregstional
profiles

To understand the spatial variation of valley crgsstions, the mean valley segment
crosssectional profiles must be returned to ArcGIS where they can be analysed with
reference to their locality (Figure 4.70). By conducting spatial analysis, spatial
relationships could lead to the understanding of processes and temporal scales of valley
development. Without referring to the spatial context of landformsngigant results

can be missed. ArcGIS is not only a useful tool for visualising data but complex analysis
can take place using inbuilt spatial analysis tools which can be used to identify spatial

relationships.
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Spatial analysis -
ArcGIS

A 4

Mean valley segment profile
surface

Figure4.70 Final stage of the method which involves tl
spatial analysis df-nessmeasures.

U-nessmeasures and proxy values have been found using the method described up to
this point. These valleys have been compiled in a single Excel sheeddTo enable
spatial analysis to take place in ArcMap this Excel spreadsheet must be imported into
ArcMap and the identification number for each valley segment used to join the correct
valley segment data to the corresponding mapped valley segment.rdhst is that

each valley segment dataset is spatially referenced.

ArcGIS provides an array of spatial analysis tools. However, the simplest approach,
which can be initially undertaken, is to display the derived measurdd-radss(form
ratio b-value aml crosssectional area) of the sample area and observe spatial patterns

(Figured.71). Any general trends can be noted.

Figure 4.71 The spatial distribution of fon ratio in valley segments across tl
mountain divide in the Pyrenees. The area displayed is 350 km by 150 km.

102



Crosssectional characteristics of glacial valleys

Following this simple display, standard ArcGIS analysis tools, such as interpolation tools,
can be used to further understand the distributiohdata. Interpolation tools can show
visually areas of high and low values by smoothing out value extremes and filling in data
gaps. It assumes that points closest together are more likely to be similar than those
farther away. These tools require the wgll segments to be converted into point
features, this is a simple procedure, and the points assigned to represent the valley
segments are centred on each segment. The interpolated surfaces produced from these
points and their corresponding-nessvalues over the entire sample area. The surface
provides a continuous layer which represents how ea¢hess measure changes

spatially Figure4.72). When compared to other data patterns can be observed.

Doy Teras Y =
. e f*’-tdafﬂ,ﬁw o
Y o T e 8 ;
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Figure4.72 The same area and basic dataFagure4.71 but using an Inverse Distanc
Weight (IDW) interpolation method to create a continuous surface of form ratio
using 30neighbours.

The third and most sophisticated spatial analysis technique, and that which is
predominately used in this thesis, is the Geographically Weighted Regression (GWR).
GWR uses regression models between dependent and independent variables, in this
thesis it is betweenU-ness measures and proxies respectively. GWR maps the
relationships betweertJ-nessmeasures and proxy values whilst acknowledging that the
same regression model may not apply across the entire sample area. It, therefore,
adapts the egression model according to the local relationships between variables
(Brunsdonet al., 1998)Figure4.73. GWR will be described in more detail in Chapter 7
Section 7.2.
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Figure4.73 The same area asigure4.71 and Figure4.72 but using the Geographic
Weighted Regression (GWR) method to explore and display where in the mot
range that form ratio and elevation have a positive correlation (blue) and whe
negative correlatioris found (red).

4.10 Summary

The method presented in this chapter enables valley esessional morphology of
whole mountain ranges to be analysed. It negates the need to hand draw transects. This
is useful because it provides an objective technique foryesirag valley crossections

and it overcomes many problems associated with the traditional transect method, such

as sensitivity to choice of transect location.

Secondly, the average method permits large areas to be analysed on @s&mated

basis wherewhole valley crossectional shape is included in profile outputs. This is an
improvement over the transect method which is both subjective and only gives a
ayrLakKkz2ag 2F | @grtftsSeqQa akKlLSe® tNRofSYa
eliminated Although the problem of defining the valleyptas not totally removed (and

is tackled in more detail in Chapter 6 Section 6.2.), it does at least provide a constant

sampling method by always taking the 90% slope position to be the valley top.

The mean wsssection profile method is conceptually based on a method first
proposed by Phillipg2009) It further improves on the Phillip2009) method by
integrating the method fully into one piece of softwai&rcGIS). This enables each step
to the scrutinised. The method in this chapter also improves computational efficiency,

improving both processing speed and reducing the size of data for storage, which
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therefore allows larger areas (whole mountain ranges sample areas spanning
mountain divides) to be analysed at once. Another major achievement with this method
is that it allows valley segments to be analysed, rather than in the P{2Q@®)method
where only sample areas or st orders within sample areas could be analysed.
Therefore spatial analysis of valley segment csesgional profile can be investigated.
These improvements advance the Phillips method from a technique which could analyse
several catchments at any one #@mo a technique which can output valley cross

sectional morphology statistics and their spatial distribution for whole mountain ranges.

As can be seen from the examples provided of equivalent numbdndividually
selectedtransects which the mean vall crosssection profile method represents, this
method is an extremely powerful tool in analysing valley csmgional morphology. It

can perform a crossectional analysis for whole valley segments, giving the complete
LA OG dzNB 2 ¥ -decto@al rhofpBofogya ThedtdbRnigde has performed well in
small to medium mountainanges, such as Pyrenees, Fraggain and across mountain
divides, such as the Patagonian Andes, which amounts to 10,000s of valley segments. In
conclusion this method could tnsform the way researchers analyse valley cross
sectional morphology, their spatial variability and inform landscape evolution and glacial

process studies.
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5. Thesis sampling strategy; which landscapes to

choose?

5.1.Introduction

This chapter considers wifi mountain regions should be selected for investigatiob-of
nessmeasures and assessment of their spatial variability. Four key influences on glacial

processesand consequentlyhe geometry of landforms created, have been identified

as:
1. Lithology - Highresistance bedrock compared to weak bedrock.
2. Tectonic settings - Rapid uplift during glaciations in comparison to
tectonically stable regions.
3. Climate - Encompassing a range of average annual temperatures

and precipitation, as well as localnalite factors such as
slope aspectMore intense erosion is expected in areas
with greater mass balance flux such as areas with high
levels of precipitation.

4. Degree of glaciation - Areas which have been lightly glaciated to those which

have urdergone intense or prolonged glacial periods.

The four key influences abowage likelyto affect glacial landform characteristics, such as
U-shaped valleysand are discussed in turn in this chapter. They will form the basis of
the sampling strategy inrder to inform which areas are selected. Following this, details
regarding the source data, in the form of Satellite Radar Topography Mission (SRTM)
DEMs, are discussed in relation to their use in this thesis. The final selection of sample
areas chosen ithen justified in relation to the sapling strategy and sourcdéata, and

environmental data is outlinetb inform discussions later on in this thesis.
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5.2.Defining glacial erosion and landscape characteristics

Quantitative assessment of the four key influeacen landscape characteristics,
identified in the previous section, is required to be able to assess their impddinass
measures. Where it is difficult to quantitatively assess characteristics it must be gauged
as to where the sample area lieselatively, in relation to other sample areador
example has the sample area undergone more intergdaciations than an area such as
the Pyrenees™dependent assessment of characteristics is required in this study as the
landscape cannot be used to infer cheteristics, for exampléne degree of glaciation.

Use of such characteristics has often been used in studies of large areas, such as where
wide, flatvalleys were thought to have undergone ice sheet type glaciation whilst deep
narrow valleyshave undergoe alpine type glaciationHirano & Aniya, 1988)Using
landforms to infer characteristics of glaciation would not be a satisfactory method in this

thesis as it is a circular approach and therefore would not give meaningful results.

There is, however, diffulty in classifying sample areas according to the four
characteristics identified and this is highlighted in subsequent sections. The literature is
used to inform classification. Quantitative measures are attempted but in some cases it
is more realistic & simply gain an appreciation of the relative degree to which a
landscape characteristic lies within the range observed throughout the sample areas

selected.

5.2.1.Lithology

Lithology encompasses all aspects of the physical structure and composition of rocks
and rock formations. The lithology of a landscape is an important factor in its resistance
to erosion and slope stability. This contributes to the form a landscape adopts and the
rate in which it is created and thus, is an important consideration in setpite sample

areas.

An example of lithology influencing geomorphology in a glaciological contgixteisby
Augustinug1992a)who examined the influence of lithology ondbaped valleys in New
Zealand. He found that the lithology, together with the age of a landscape, was an
important control on the Wshape @ a valley. Where the landscape was set in areas of
high Rock Mass Strength (RMS), such as the plutonic rocks of Fjordland, valleys were

deep and narrow. This was compared to tless resistangreywackes of the Mount
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Cook region. Here the wide relativedhallow valleys were concluded be a result of

less resistantithology due tothe close jointing and foliated schists and greywacke and

their orientation, which controlled the valley cresectional shape and allowed rapid
modification(Augustinus, 1992aBrooket al. (2004) concurred with these results with a

study of Scdtsh and Icelandic valley cropsofiles. Beyond just glacial contexts, RMS

and slope gradient haveelen linkedo @ | Weqiildiyka G S € | Belbg,y & KA LJ
1980) Relating this relationship to glaciated valleys it was found that glacially
oversteepened valleys, once deglaciated, would adjust to their slope angle according to

the valley lithology RM$Augustinus, 1995b; Brook & Tippett, 2002plleys with high

RMS values were found to maintain steep slopes whilst those with low RMS were

subjected to greater modification pogfiaciation(Augustinus, 1995b)

The examples detailed above demonstrate that lithology has an important influence on
landform shapebut interactions are complex which can mean classification by landform
alore is difficult. Therefore classifications, such as RMS, are used to identify the degree
of resistance and stability. Classifications not only identify the intact strength of a rock
type, but also the jointing and its nature, as well as any rock type catibirs. There

have been several studies which classify rock masses according to strength. Three
examples demonstrate the difficulty of classification, these are Rock Mass Rating (RMR)
(Bieniawski, 1984)Geological Strength Index (G&pek, 1994; Hoek & Brown, 1997)

and Rock Mass Strength (RMSgIby, 1980)

The RMR is based on six parameters, measures of which are taken inltheTfie
parameters measured aremiaxial compressive strength of rock material, kapiality

designation, joint spacing, joint condition, groundwater conditions and joint orientation.

The GSI method uses a chart approach to assess the structure of a rock type from
measurements taken in thedfid. The measurements taken atdock volumeand a joint
condition factor which includes spacing and roughness. These measurements are then

used in the HoelBrown Strength Criterion equatiditioek, 1983jo rate the strength of

a rock mass. It is in this equatiovhere several constantay, for intact rock, andm,

and sfor a jointed rock mass, as well a,; , the uniaxial compressive strength of intact

i

rock elements are included. Thee®ur constants are derived from the rock type.
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Selby(1980)developed the RMS classifimmn specifically for geomorphologists. It took

into account the following eight characteristics which could be measured in the field:

1. Strength of intact rock

2. State of weathering of the rock

w

The spacing of joints, bedding planes, faults, foliations andrgtartings within
the rock mass

Orientation of the partings with respect to a cut slope

Width of the joints, bedding planes and other partings

Lateral or vertical continuity of the partings

Gouge or infill material in the partings

© N o o &

Movement of water withinor out of the rock mass

This classification was used by Augusti(il®92a) combined with a modification chart
by Moon (1984) to ascertain a RMS value for rock typethe Southern Alps, New
Zealand. RMS has also been used in other glacial geomorphology stadiesample
valley crossectional shape in Scotland and IcelafRfook et al, 2004b) bedrock
channels(Wohl & Legleiter, 2003and the post glacial evolution of valley slopes
(Augustinus, 1995b; Brook & Tippett, 2002)

The main problem with the rock classifications listed abdwethat they require
measurements taken in the field. For this thesis, which uses large sample areas from
around the globe, taking field samples is not a realistic approach to classifying rock
types. Due to the complexity of lithology, and the many perriates, there is no
classification method which encompasses all these factors without field measurements.
The small exception to this is the defining of constants related to intact rock strength
according to rock type by Ho€R001) for classification of rock types where laboratory
tests are not practical. HodR001)provides tables for the uniaxial compressive strength

of the intact rock in a rock mass (;) and the intact rock strength constani(),Table

5.1 and5.2 respectively
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Table5.1: Field estimates of uniaxial compressive strengththe intact rock in a rock
mass 6 ) (Hoek, 2001)

Grade* Term Uniaxial Point Field estimate of Examples
Comp. Load strength
Strength Index
(MPa) (MPa)
R6 Extremely > 250 >10 Specimen can only be Fresh basalt,
Strong chipped with a chert,
geological hammer diabase, gneiss,
granite,
quartzite
R5 Very 100- 250 4-10 Specimen requires Amphibolite,
strong many sandstone

blows of a geological basalt, gabbro,
hammer to fracture it gneiss,
granodiorite,

peridotite ,
rhyolite, tuff
R4 Strong 50-100 2-4 Specimen requires Limestone,
more marble,
than one blow of a sandstone, schist
geological hammer to
fracture it
R3 Medium 25-50 1-2 Cannot be scragd or  Concete,
strong peeled with a pocket  phyllite, schist,

knife, specimen can be siltstone
fractured with a single
blow from a geological

hammer

R2 Weak 5-25 * Can be peeled with a Chalk, claystone,
pocket knife with potash,
difficulty, shallow marl, siltstone,

indentation made by  shale,
firm blow with point of rocksalt,
a geological hammer

R1 Very 1-5 *x Crumbles under firm  Highly weathered
weak blows with pointofa or
geological hammer, altered rock,
can shale
be peeled by a pocket
knife
RO Extemely 0.25-1 *x Indented by thumbnail Stiff fault gouge
weak

* Grade according t¢Brown, 1981)

** Point load tests on rocks with a uniaxial compressive strength below 25 MPa are likely to yield
highly ambiguous results.
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Table5.2: Estimated values of constaat used in the HoelBrown Strength Criterion
equation to define intact rock strengiiHoek, 2001)

Rock Class Grou Texture
Type P Coarse Medium Fine Very Fine
Conglomerates  Sandstone  Siltstone Claystones
2143 17+4 712 442
- Clastic Breccia 1915 Greywacke Shales 6+2
g 18+3
‘q&)‘ Marls 7+2
% . Crystalline $par|tlc MIC““C Dolomites
o Non-Clastic  Carbonates limestone 12+3 limestones  limestones 9+3
n - 10+2 9+2 -
) Anhydrite
Evaporites Gypsum 8+2 1242
Organic Chalk 7£2
Marble Hornfels Quartzites
o 913 1944 2043
£ | Non-Foliated Meta-
o] sandstone
£ 1943
o ) . : . Amphibolite
= Slightly Foliated Migmatite 29£3 S 2646
Foliated* Gheiss 2815 Schists 12+3 Phyllites 7£3 Slates 74
Granite 32+3 Diorite 255
Light Granodiorite
Plutonic 29+3 Dolerite
Dark Gabbro 273 1645
® Norite 205
o} . Diabase Peridotite
(0]
g Hypabyssal Porphyries 2045 1545 o545
- Rhyolite . Obsidian
o545 Dacite 253 1943
Lava Andesite
Volcanic 2545 Basalt 2515
Pyroclastic ?gglsomerate Breccia 1915 Tuff 1315

* The values for foliated stamorphic rock are for intact rock specimens tested normal to the

foliation. The value will be significantly less if stress is applied along a weakness plane.

Details presented ifable5.1 and 5.2 show that rock such as gabbro andapite, are
extremely strong in their intact form, whilst shales, siltstones and dolomites, are much
weaker. Intact rock strength, however, is one of many paramsetehich contribute to

the erodbility of a rock mass. Jointing, theéher major factor, can be exploited by

erosional forces and therefore considerably increasmsion rates. Due to the great
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variety of jointing, even within the same rock type, a numerical generalisation for this as
well as the other categories of erodiity, have not been attempted. The problem with
only using intact rock strength wadiscussed by Augustinyé992a) however other
research found that resistance to abrasion was strongly influenced by intact rock
strength(Brooket al., 2004b)

Two approaches emerge from this dission and can be summarised §isstly, using

RMS field measurements, which is extremely time consuming and would only result in a
handful of valleys sampledr secondly, simplifying the lithology, whilst taking many
valley crosssection measurements over large areas, in order to comparalteesThe
second approach is taken in this thesis. To be effective, sample areas must incorporate a
range of lithologies to enable comparisions to be made. To do this, without the need to
take field measurements, the intact rock strength tables togetheh the literature is

used to estimate the rock resistance of a complete rock speciaewell as the jointing
which generally occurs within the specific rock type. From this there is a basis for

categorising how resistant arsgle area is to glacial erasi.

5.2.2.Tectonic settings

The topographic evolution of a mountain range is a complex interaction between
tectonic forces, climaticallydriven erosion(Molnar & England, 1990lithology strength
(Hack, 1960rnd isostatic rebound. Tectonic uplift, made up of tectonic forcing and
isostatic rebound, is one of the major mountain building processesthe purposes of
this discussion the term uplift is meant in thectenic sense rather than isostagthe
rebound of the E NI KQ& ONXza i RdzS (2 dzyt 2l RAy3Isx SAGKS
mass). Tectonic uplift is greatest at active collisionakeplboundaries, such as the
Himalayas where the IndAustralian Plate and the Eurasian Plate collide. In the context
of this researchuplift has to occur during glaciation and as such when glacial erosion
takes place. Therefore sample areas with activiftuguring the Quaternary have been

selected.

It has been shown that uplift has an impact on erosiamether indirectly through
climate (Molnar & England, 199@r by drectly by enlarging accumulation areas, in a
glacial contextd . NP let2afj AL€97)and by adjusting in basevel and increasing
hillslope processes readily supplying material, in a fluvial corfgxtbanket al., 1996;

Small & Anderson, 1998)igh erosion rates are linked to high uplift ra{€shlunegger
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& Hinderer, 2001) although there is evidence that a time lag exiftsg. Kooi &

Beaumont, 1996; Tucker & Slingerland, 1988d modification of fluvial drainage

patterns in relation to uplift rates haveeln investigated through modellinGuder &

Slingerland, 1996; Tomkin & Braun, 1998) conjunction with erosion intensity, the

interaction between erosion and tectonics on relief production has been investigated
resulting in several different conclusions. Molnar and Englér90) proposed that
SNRPaAz2y AYONBFaSR NBftAST RdzBuzzéa® #& A AMNERH OKO
suggestsd . NP Tet & A1897) that erosion limits relief, which has since been

supported by modelling experiment&Egholmet a., 2009) MacGregoret al. (2000)

concluded that erosion reduce relief, again supported by modelling experiments

(Tomkin & Braun, 2002)

Despite clear links between uplift and erasicates, few field observations and little
modelling work has been carried out to investigate differences in glacial geomorphology
where landscapes exhibit differing tectonic settings. Due to areas of high uplift being
subjected to greater erosional forcdsis suspected that geomorphological forms, such
as Ushaped valleys, become larger and more defined during rapid uplift rather than

tectonically stable settings.

Therefore, in order to inform the relationship between valley crsastional shape and
uplift, this thesis must use sample areas which reflect the range of tectonic uplift rates
observed around the globe. Rapidly uplifting landscapes must be compared with
tectonically inactive mountains. Where literature is availathe uplift rate in mm per

year is used to categorise the sample areas into areas of high, moderate and low uplift.
Where the values of uplift are not availaplie literature is used to establish the

evolution of the landscape and therefore the likely tectonic setting.

5.2.3.Climate

Cimate impacts the morphology of the landscape by controlling temperature and
precipitation and can be linked to tectonic uplift through feedback mechan{gmognar

& Englad, 1990) In order for glaciation to occuprecipitation in an accumulation zone
must be in the form of snow and the temperatures must be cool enough for it to persist
from year to year. Sufficiently cold temperatures may occur as a result of higidalti

or latitude, or a combination of the two.
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Crosssectional characteristics of glacial valleys

There are many different climate regimes across the globe. Regimes can largely be
divided into continental and maritime climates. Continental cliesatcan be
characterised by welllefined seasons, with hot suners and very cold winters, as well

as low precipitation rates. Whilst maritime climates do not have such temperature
extremes they have high precipitation. One exception is a monsoon regime where a
strong seasonal precipitation cycle dominates. For theppses of ice accumulation,
total annual precipitation is the primary factor for ice flux and not whether it falls
continuously throughout the year or within a couple of months. Consequently the most
important influence on the erosive power of glaciersthe cumulative precipitation,
rather than whether it is monsoonal or not and therefore monsoonal regimes are not

specifically included in the sample.

Erosion occurs when ice slides over the land surface. The more ice that slides over the
surface the more alacier erodes. This ice flux is primarily controlled by input from
precipitation. For sliding to occur, the basal ice temperature must be at pressure melting
point to enable the production of water as a lubricant. The greater the volume of ice,
and the &ster it moves, the more excavation can take place. Climate has a key role in
controlling this sliding by controlling precipitation quantity and whether it falls as snow.
However, if temperatures become too cold, glaciers can become frozen to their beds so
that sliding, and therefore erosion, does not occur. These are known ashasdd
glaciers. If warming occurs, basal conditions can become vassad (i.e. pressure
melting occurs and therefore so does sliding and erosion), but there is a fine balance, a
if warming continues the ELA rises and as a consequence ice thinning and retreat occurs
RdzS (2 YStOGAy3ad ¢KA& NBadzZ 6a Ay 020K I NBRJ
the landscape area experiencing glacial processes. As a consequence il afmioe

in valleys is reduced, reducing ice residence times and flux which may impact on the
crosssectional profile of kshaped valleys. Less precipitation or temperatures moving
away from the optimum for basal sliding and accumulation could resulésawell-

developedU-shaped valleys, i.e. smaller form ratibsyalues and crossectional areas.

Although temperature and precipitation are the dominant climate factors which control
I 3t OASNRA Ylaa olflyOoS | yR ,DeérbydiTandy A GA 2y
Evans(1976) listed seven local climate conditions and landscape factors which can

influence glaier mass balance in relation to cirque development.
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1. High latitudes. Low temperatures and low solar radiation found in these regions
encourage snow to persist.

2. High altitudes. Here low temperaturesné increased snowfall can occur,
although at extreme altudes air moisture reduces the chance of precipitation.

3. A more maritime climate. There is increased precipitation, and cloudiness
reduces ablation.

4. Poleward aspects. This reduces ablation by having locally lower temperatures
and solar radiation.

5. Leewad agects which, in some caseaids snow accumulation and inhibits
ablation from heat transfer from the air.

6. Eastward aspects as ablation is less effective in the morning.

7. Intopographic concavities which provide shelter and shade.

Although these concepts noerned climate impacts on cirque developmethiey could

be directly related to the evolution of haped valleys. GrgfLl970) noted that the
location andorientation of valley cirques had a great effect on valley ceesgional
geometry, with favourable cirques creating valleys with grehtealues and form ratios.
However, little other research has relatedstape valley development to these local
climae effects. An exception is a conclusion that valley floor shading could have been
one contributing factor to better developed cresectional and longitudinal profiles in

the Sierra Nevada and Sangre de Cristo Range(Ri8&klehurst & Whipple, 20063s it
created more favourable conditions for accumulation, which increases ice flux and

residence time.

ltisassumBRY F2NJ 0KS LJzN1)2asSa 2F aStSOGAy3a alryLx S ||
for past climate regimes during the Quaternary, a period when the majority of glacial

erosion took place on the landscape morphology seen today. Different climates are

consicered for sampling so thatontinental to maritime regimes are represented.

Sample sites across the latitudes, from the equator to high latitudes in both the North

and South hemispheres, are selected to allow comparisons to be made. Also taken into

consideratbn are areas of different altitudes, from regions glaciated down to sea level,

to areas where glaciation has only taken place at the high mountain peaks. Different

mountain range orientations, for example the No#®outh orientation of the

Patagonian Andesnd the EasWest orientation of the Pyrenees, should also be

included. Climate gradientwithin sample areas may help identify interesting spatial
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relationships with U-ness measures informing glacial understanding and therefore

should be included in som# the sample areas.

5.2.4.Degree of glaciation

The degree of glaciation is arguably the most difficult of the characteristics to evaluate
quantitatively. It can be summarised as the cumulative basal sliding which a point on the
landscape has been séofedduring the Quaternary. It takes into account the length of
time an area underwent glacial processes, the fosith which these processes eroded
the landscape and the amount of glaciation which occurred. In reality there is no data
that quantifies cumulativdvasal sliding over the timescales of interest. Past studies have
dzZaSR (GKS 1 yRaOlFILISQa 3IS2Y2NLIK2t238 (G2 AYRA(
glaciated(Svensson, 1959; Graf, 1978} this is a circular argumeiitis therefore best

to select sample sites according to the degree of glaciation by using the literature to
establish any evidence of glacial activity and number of glaciatiors, the current
extent of ice, if any, and incorporatingnowledge of the influence of altitude, latitude
and climate on glaciations. From this an understanding of whether the region was a
WO2NBQ It OAlf loNgitiatichand tReseforéokySlightlySediatelk S NE

5.3.DEM data

The data used in this thessfrom the Shuttle Radar Topography Mission (SRTM). SRTM
was aNational Aeronautics and Space AdministratiblAEA) mission to use the space
shuttle to gain the topography of most of the glob&he data produced provides
consistent, neaglobal, high quality DEMs. DEMs were produced from Synthetic
Aperture Radar (SAR) interferometric images where the pd#ference of two images

is usedto measure topographyFarret al, 2007) The dta was sampled over a grid of 1
arcsecond by 1 arsecond (approximately 30 m by 30 m) which had a linear vertical
absolute error of less than 16 m, a linear vertical height error of less than 10 m, a
circular absolute geolocation error of less than 2@na a circular relative geolocation
error of less than 15 nfFarret al., 2007) The relative height error of the-band SRTM
data is less than 6 m and all quoted errors are at 90% confidence(farett al., 2007)

The result of this nssion is publicly available data with 30 m resolution for the United

States of America land mass whilst the remainder is available in a -8eemad
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resolution at approximately 90 rfFarret al, 2007%p ¢ KS RIF G} O2 OSNE vy x>

surface between the 60° North and 56° South latituffearret al., 2007)

5.4.Sample areas

The sample areas chosen for investigation take into account the 4 key influences on
glacial processes and landscape characteristics discussed in previous sections. By
selecting areas with different characteristics thought to influence the glacial form of
valleys, and their spatial relationships, patterns can be investigated. Areas with spatial
gradients in characteristics (i.¢he Pyrenees wherea climate gradientexiss and
precipitation decreases fromorth to south are chosen so that spatial variability &f

ness characteristics can be examined. However, areas with a combination of many
characteristic gradientsas well as complex geological and tectonic settiags avoided

as this complexity may make extracting fundamental relationships difficult.

Sample areas are selected where the majority of valleys are free of ice. This enables the
valley shape to be investigated, unhindered by an ice surface. An additional
consideration is that the method for extracting average valley csesgions is
constrained by a processing limit which restricts the size of the area which can be
handled. This area is approximately 10.5 million 90 m x 90 m cells which is equivalent to

smdl mountain ranges such as the Pyrenees.

A final consideration in the sample area selection is the latitude restrictions of the SRTM
data. SRTM data is available betwe&@° North and 56° South latitude, thereforelgr
regions cannot be included in the mple. This means that areas such as Alaska,
northern Canada, Greenland, northern Scandinavia, northern Siberia and Antarctica are
all excluded. Research, therefore, concentrates on large expanses of alpine glaciated
regions. In fact, alpine regions arefaf more use in this research, due to deglaciation
exposing the geomorphology to be measured. Final considerations are that areas which
still contain ice cannot be analysed and, for ease of projecting the data, the sample

areas are kept within discrete UTMnes so that they do not cross UTM boundaries.
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5.4.1.Pyrenees

Located at 42° to 43° Nhé¢ Pyrenees is a relatively small mountain range, id@llong
and with an average wih of 200km, which delineates the Fren@hSpanish border and
encompasses Andorr&igure5.1). Its area is at the maximum size for processing, when

using the average crosctional profile methodChapter 4)

Elevation (m)
3308

1 y
‘#7 International bougg;]ries

Figure5.1 The Pyrenees sample area showing the French (in the north), Spanish |
south) and Andorran (a small, landlocked country in the high eastern Pyrenees) bc
The mountain range has an Ed¥est orientation. The mountain orientation creates
North-South split in the range which divides the area into distinct climatic zones. £
of the divide is in a rain shadow and is part&ly arid, whilst the nortlreceives much
more precipitation. The highest mountain is Aneto at 34940 the West is the Aantic
Ocean and to the East the Mediterranean.

5.4.1.1 Lithology and Tectonics

The lithology in the Pyrenees is relatively homogendusias formed when there was
convergence between the lIberian and European plates during the Cretaceous and
culminating in the Eocene (Choukroune, 1992)Then the Iberian Platsubducted
beneath the Europeanl&e. The Pyrenees can be divided into five structural zones. In
the north the Agitaine foreland basin compriseeformed cretaceous sediments of the
European Plate. The north Pyrenean thrust zone incorporates the thrust faults of the
crystalline basement together witthe Mesozoic sediments. The mabulk of the

mountains lies in the Aal zone (Figure 5.2) made up ofgranite and gneissose
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(metamorphic) rocks. At the western extent of the range there are also some
limestones. It is one of the few modern mountain chains where no remnants of the
oceanic crust are observe@houkroune, 1992)The nature of the rock type, out of the
limestone area, means that the lithology is considered hard and therefore resista
erosion.The south Pyrenean thrust zone comprises deformed early Eocene to Miocene
sediments whilst the Ebro foreland basin is filled with relatively undisturbed sediments.
As a result of the faulting the Pyrenees is asymmetric in shape across thetaim

divide, with steep slopes to the south compared to the north.

Mountain building in the Pyrenees occurred duritigg Cretaceougeriod with little

uplift since. Duringhe Quaternary when major glaciatycles occurredthe region has

been stable sai K i y 2 & 3fd .ONME Ht2ahi087)feddbagks have taken
place. Therefore the Pyrenees can be categorised as a mountain area with low tectonic

uplift for the purposes of this thesis.

Bay of Biscay

S SR BN - : Mediterranean

Bl Palcozoic of the Axial zone

Bl r:icozoic of the NPZ [ mesozoic of the SPZ Tertiary of the Aquitaine foreland basin
[0 Mesozoic of the NPZ [ Tertiary of the SPZ Tertiary of the Ebro foreland basin

(= Axial zone  NPF N l:l Undeformed crust

NPZ Al‘gt:ir']ne - Paleozoic of the Axial zone

PP A — - Paleozoic of the NPZ

I:' Mesozoic of the NPZ

Tertiary of the Aquitaine foreland basin
|:| Mesozoic of the SPZ

ﬁ Tertiary of the SPZ

0 50 km |12 Tertiary of the Ebro foreland basin

Ebro basin

foanan crust European crust

Figure5.2 Thefaults and thusts of the Pyrenearegion caused when the Iberian Pla
subducted beneath the European Plaad the major geological structurgSchellart,
2002)
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5.4.1.2 Climate and Degree @laciation

The mountain range acts as a barrier to the north and nerésterly winds from the
Atlantic which provide the primary source of humid{®allaset al., 2010) Orographic
rainfall means that a nortisouth precipitation gradientexistswith the majority of rain
falling to the north(Figure5.3). A lesser wesgast gradient also exists as there is an
eastward transition from Atlantic to Mediterranean conditiongLopezMorneo &
Beniston, 2009)From thenorth-westerlywinds a Foehn wind is regularly generated

the southern slopes. This enhances temperatures, increasing the temperature gradient
between north and south of the mountain divideopezMorneo & Beniston, 2009)n

the Central Ebro Depression average annual precipitdid800 mm and average annual
temperatures are 135°C(Lope-Morneo & Beniston, 2009)vhilst in the mountains
precipitation exceeds 600 mm, reaching 2,000 mm at the mountain cigsipez
Morneo & Beniston, 2009)Precipitation is seasonal with most falling in the winter
(December to March) in the Atlantic areas and during spring (April to June) and autumn
(September to Wvember) in the Mediterranean regiong.opezMorneo & Benista,
2009)
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Europe -
ANNUAL
Precipitation

Precipitation
[in mm]
I 200-400
[ 400-450
450-500
500-550

| 550-600
B 600-650
B 650-700
B 700-750
[ 750-800

| 800-850
[ 850-900
B 500-1000
B 1000-1100
B 1100-1200
I 1200-1400
B 1400-1600
B 1600-1300
1800-2000
B 2000-2500
B over 2500

Figure5.3 A precipitation map ofEurope. Focusing othe France and Spaiborder
where the Pyrenees lies, there is higher precipitation north of the divide and to the
of the mountain rage. There is a steep precipitation gradient from thedbvsouth into
Spain (European Environment Agency, Climate change, impacts and vulnerabi
Europe 2012)

Not only does the northern part of the Pyrenees receive more rajrdalll a greater
proportion of this in winter,but the eastwest orientation of the moutains creates
more favourable conditions for glaciation in the north as this part of the Pyrenees
receives less solar radiatipboth from greater shadier and cloudier conditions (Calvet,
2004) Thisis reflected in observations of snow accumulation. Noofhthe divide snow
exists for longer (169.2 days per year) whilst south of the divide it is present for much
less of the year (81.7 days per ye@rppezMorneo, 2009). This is partly due to greater
accumulation and snow depths, 559.6 mm accumulated swawer equivalent
compared to 152.3 mm (Lopé#orneo, 2009) but also due to thenhancedconditions

for snow persistence created by a northerly asgadhe north compared to the south.
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Figure5.4 LGM limits(Calvet, 2004§lepicted for the Pyrenees. Note the ice extent f
major tributaries vhich, at certain locations, extends beyond the mountain range.

The Pyreneeshas undergone alpine glaciation and evidence has been found for 6 to 7
glaciations(Calvet, 2004fentred on the mountain dividand some cirque glaciers still
remain here Figure5.5). Geomorphic evidence indicatekat at the LGM glaciers in the
north of the Pyrenees reached thicknesses of 900 m and maximum kpftBs km
descendingo 400 mabove sea levgTaillefer, 1969)South of the divide glaciers only
reached thickness of 600 m and lengths of 30 k@arciaRuiz & MartiBono, 1994)

This difference is attributed to the more favourable conditions for glaciation north of the
divide. Recent evidence points towards glaciers in the Pyrenees having reached a

maximum before the global LG{®Rallaset al., 2010)
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Figure5.5 Location of present day glaciers in the Pyrenees. Only some cirque gl
remain, all located in the central Ryrees(Serrat & Ventura, 1993)

Today only small cirque glaciers at the highest elevations re(fauire5.5). Present
day glaciers are confided to northedsicing cirquegFigure5.6) with maximum areas
not exceeding 1 km@Serrat & Ventura, 1993; Chueca & Julian, 19@&)rent ELAs are
at approximately 00 m in the central Pyrene€€opons & Bordonau, 1994; Chueca &
Julian, 1996)
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Figure5.6 The orientation of glaciers in the Pyrenees. The distribution is weighte
area in square kilometrg$Serrat & Ventura, 1993)

5.4.1.3 The Pyrenees as a sample area

The Pyrenees also provides an interesting test area for investigating the influence of
climate onU-ness There are strong climate contrasts across the mountain divide in the
Pyrenees, especiglbs the snow accumulation north of the divide is also enhanced by its
northerly aspect, making it considerably more favourable for glacier occupation and
therefore it is anticipated that valleys will display strongénessmeasures. Another

test which cald be undertaken here is that of the distance from the divide. As the
nature of the glaciation has radiated out from thlivide, quantifyingU-nessaccording

to distance from the divide may be an interesting test.

5.4.2.Southern Alps, New Zealand

The SouthernAlps in New Zealand is a mountain ran@égure5.7) which not only
experiences some of the greatest uplift rates in the world, but has also recorded some of
the highest annual precipitation. The sample area encassps the Greywacke regioh
Mount Cook, as well as the chorite andbfite schists on the west coagfugustinus,
1995a) The climate is strongly maritime in New Zealand, dominated by westerly winds
supplying a humid air mass to fuel orographic rainfall. Glacial activity has been

predominantly alpine in nature and some valley glaciers still remain today.
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Figure5.7 Southern Alps sample area is on the South Island, New Zealand. It hi
only one of the highest uplift rates in the world but also extremely high precipitat
The sample arecludes some particularlyweaklithology to the east of the mountait
divide, whilst the region at the divide and to the west comprises slightly more resi
bedrock. It is wetter on the west coast with precipitation decreasing to th¢ efthe
divide from a rain shadow effect. The sample area encompasses the highest mo
in New Zealand, Mount Cook, at 3754 m.

5.4.2.1 Lithology and tectonics

New% S I f ISgUtR Blands dominatedoy afault system which runs the length of the
islandand demarcates the Pacifiend Australian Plate boundaryhe Southern Alps is a
result of the convergence of these plateBigure5.8, which during the late Cenozoic
Periodonwards created uplift of the Pacific Plaf€ippett & Hovius, 2000From the
point of plate convergence a 16200 km wide zone of deformation isvident in the

South Island whilstseveral subduction zones existhe Puysegur Trench tdhe
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a2dziKgSad ySIN bS¢g vafdret theyRgrilian PR NiRduttsy R
beneath the Pacific Platevhilst atthe Hikurangi Trench to the northeasthichextends
to North Island the Pacific Plate subducts beneath the Australian Platéhe northeast
of South Island the main alpine fault splits into a number of stsike faults in the

Marlborough region which extend out to the Hikurangi Trench.

The compession alonghe plate boundary is dated bhween 1112 ma agqSutherland,
1995; 1996)to 9.8 Ma @o (Stock & Molng 1982)and was cause@s a result of a
change in migration direction. It is thought that although there have been periods of
acceleration the plate motion has not chamfesignificantly over the last 5 Ma
(Sutherland, 1995). The current rate of platepii&ement in the central segment of the
Alpine fault is 071 + 3°, with an average rate of 38.5 + 3 mr{De Metset al, 1990)

This motion s oblique to the plate boundary and has a normal rate to the average fault
strike (055°) of 11 £ 2 mm a ! and a faaltallel rate of 37 £ 2 mm a(De Metset al,
1990)
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Figure5.8 The tectonic setting and lithology of the Southern Alps. The arrows shov
direction of plate motiontowardsthe Australian Plate is fixed. The dashed box sh
the area in FigureBigure5.9, Figure5.16 and Figure5.17 whilst the solid box shows th
area inFigureb.13 (Tippett & Hovius, 2000)
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The Southern Alps is a relatively small mountaingeaof 350 km in length, when

measured from the Huruni River to the Arawata Rivégyre5.9) (Tippett & Hovius,

2000) Interaction and feedbacksbetween uplift and denudation characteristne

mountains of the Southern Alps. LJ NJi A Odzf  NJ OKIF NI OGSNRAGAO Aa i
which rises steeply in the west, ctoso the Alpine fault, and drops away more gently to

the east. Mountains range between@®0 ¢ 4,000 m, with the highest peak being Mt

Cook at 3,754 m.

Figure 5.9 The topography of the Southern Alps showimean surface elevatio
(metres), the major rivers and valleys, the location of the divide and Alpine fault an
easkrn margin of the basin outcrof@ippett & Hovius, 2000)

128






































































































































































































































































































































































































































































































