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Zusammenf assung

Storglaciaren ist ein polythermaler Gletscher in Lappland, Nordschweden, weldher sich
besondersgut fer Modell- und Prozessstudieneignet, da er zu den bestuntersuchtesten
Gletschern der Welt gebert und eine grosse Menge an gemessenerDaten vorhanden
ist.

Der Gehalt von essigemWasserin temperiertem Eis ist wichtig fer das Fliesswerhalten
des Gletschers sowie auch fur die Stabilitat der Temperaturschichtung bei polyther-
malen Gletschern. Eine von vier meglichen Ursachen fer das Auftreten von Wasserin
temperiertem Eis ist die Sdhmelzwasserpraluktion aufgrund der Deformationswarme. In
der vorliegendenDiplomarb eit wird die Deformationswarme innerhalb der temperierten
Sdicht beredinet und der daraus resultierende Wassergehaltan der Ubergangsshicht
zwiscthen kaltem und temperiertem Eis bestimmt. Der erhaltene Wert von 0:0006kg,, =kg
ersdeint plausibel und stimmt gut mit einer groben Abschatzung von 0:001kgy,=kg von
Petterssonet al. (2004) uberein.

Um das Gestwindigkeitsfeld zu beredinen, wurde ein zweidimensionalesGletschermo-
dell verwendet, das auch Terme zweiter Ordnung einbezieh. Vergleithe mit Berecdnun-
gen basierend auf einer Approximation erster Ordnung zeigen deutliche Unterschiede
auf: Wird ein fur den ganzenGletscher konstarter und fer beide Ordnungen gleicher
Deformationsparameter verwendet, sind die beredqineten Gesdwindigkeiten des Zweit-

ordnungsmadells durchgehend gresser.Da der Programmcode fer das Zweitordnungs-
modell neu und bisher ungetestet ist, wird ein Programmierfehler im Code vermu-
tet. Um ein meglichst realistisches und mit gemessenerOber achengesbwindigkeiten
eibereinstimmendesGeshwindigkeitsfeld zu simulieren, wird ein neuer Weg bestritten:

Der Deformationsparameterwird in longitudinaler Richtung solangeiterativ angepasst,
bis die beredineten Ober achengesbwindigkeiten mit den gemessenembereinstimmen.
Mit dem daraus erhaltenen Fliessfeld werden Trajektorien geretinet und ansdliessend
die Schmelzwasserpraluktion aufgrund von Deformationswarme bestimmt. Tests mit

versdiedenenbasalen Gleitgesdhwindigkeiten deuten auf die Existenz einer temperier-
ten, aber fast wasserfreienZone direkt unter der kalten Sdicht hin.



Abstra ct

Storglaciaren, a polythermal glacierin Lappland, northern Sweden,is a particulary well
suited glacier for all typesof model and processstudies thanks to a wealth of available
data.

The content of liquid water in temperateiceis important for the o w of glaciersaswell as
for the stability of the thermal layering in polythermal glaciers(Petterssonet al., 2004).
One of four possiblesourcesfor liquid water is melting due to strain heating. In this
diploma thesis, strain heating in the temperate layer of Storglaciaren is calculated. Fol-
lowing this, the water corntent due to strain heating is assesse@long the cold-temperate
transition surface. A mean value of 0:0006kg,,=kg in the proximity of three thermistor
strings is presened which complieswith a rough estimate of 0:001kg,,=kg by Pettersson
et al. (2004) for the sameregion.

A secondorder ice ow model was usedto calculate velocity elds. The results yield
much higher velocities throughout the ertire glaciercomparedto rst order modelresults.
A dependenceof the rate factor on the numerical order is assumed. Additionally , the
zero surfacetraction boundary condition was reproduced worse. A hidden error in the
program code is suspected. Due to the need for a velocity eld as closeto obsened
surfacedata as possible,an novel approac was chosen: The rate factor was allowed to
vary in longitudinal direction. The model was tuned in a way suc that it reproduces
surfacevelocities in closeagreemen with prescribed surfacevelocities. Flow lines were
calculated and the melt water production due to strain heating assessed.

Testswith an alternative basal velocity boundary condition suggestthe existenceof a
temperate, but dry zonewithin the glacier.
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1 Intro duction

1.1 Motivation

R. Petterssonstudied the dynamics of the cold surface layer of polythermal Storglaciaren,
Swalen in his Ph.D. thesis (Pettersson, 2004). Among other things, he investigated the
spatial variability in water content at the cold-temperate transition surface (CTS) which
led to a publication in the Journal of Geophysi@al Resarch (Pettersson et al., 2004).
Ground-penetrating radar measuremets were made and results calibrated with direct
measuremets at three thermistor strings using a novel eld experiment proposed by
H. Blatter. Four di erent sourcesof liquid water were compared and a rough estimate
of the water content due to strain heating was given. However, many questionswere left
unanswered.

1.2 Objectives

This work aims at verifying the rough estimate given by Pettersson et al. (2004). To
accomplishthis, an elaborate schemewas chosen. A secondorder ice o w model is used
to produce a velocity eld, which in turn, is usedto model ow lines. Then, strain
heating and the resulting water cortent is calculated.

1.3 Outline

Chapter 2 introducesglacierswith a polythermal temparture regime. The site of study
is preserted and a short summary of previous work is given. Measuremeits that build
the basisof this work are discussed.

Chapter 3 focuseson numerical models and model tests. Governing equations are
briey introduced and the chosenboundary conditions are justi ed. All essetial steps
in order to comeup with a realistic velocity eld and reasonable o w lines are explained
in detail and results are discussed.
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Chapter 4 points out how strain heating and melt water resulting from strain heating
is calculated. The distribution of water due to strain heating within the temperate layer
is shown, aswell asthe water content due to strain heating along the transition surface
betweenthe cold and the temperate layer. Results are comparedto those presened by
R. Pettersson.

Chapter 5 summarizesthe results and givesan outlook to future work.
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The term polythermal glacier was rst introduced by Fowler and Larson (1978). Poly-
thermal glaciers consist of both temperate ice (i.e. ice at the pressuremelting point)
and cold ice (i.e. ice below the pressuremelting point). Temperate ice is characterized
by the occurenceof liquid water within the ice. Four di erent sourcesare assumedto
be the origin for liquid water in glaciers(Paterson, 1971;Llib outry, 1976):

1. water trapped in the ice aswater- lled poresclose-o at the rn-ice transition in
the accumulation area

2. melting due to strain heating
3. water entering the glacier at the surface

4., adjustment of the pressuremelting point due to changesin overburden pressure
heats or cools temperate ice. The energy is balanced by freezing or melting of
liquid water within the ice

The cortent of liquid water can di er remarkably betweendi erent glaciers, estimates
range from 0% to 9%; an overview of water cortent determinations for various glaciers
is given in Petterssonet al. (2004). On the other hand, cold ice is free of liquid water.
The CTS represerts a surfaceof phasechange. Water arriving at the CTS freezesmme-
diately and the releasedenergyis transported into the cold ice through a nonvanishing
temperature gradient (Greve, 1995).

Blatter and Hutter (1991) identied v e dierent thermal structures in polythermal
glaciers and Blatter (1991) added a sixth. Glaciers with a thermal layering as in Fig-
ures 2.1(a) and 2.1(b) are found in cold regions. The bulk of ice is cold except for a
temperate layer near the bed which exists due to melt water resulting from strain heat-
ing. Figure 2.1(c) illustrates a glacier where the lower part of the accurrulation area
experienceshigh melting in spring and summer. This melt water in ltrates the rn

padk. Refreezingat the transition to the cold rn produceslatent heat that warms up
the rn until it becomestemperate and allows for formation of temperate ice within an
otherwise cold glacier. In the EuropeanAlps at high altitudes and on small Greenlandic
ice caps, glaciersof the type showvn in Figure 2.1(d) can be found (Haeberli, 1976). Fig-
ure 2.1(e) illustrates a polythermal structure commonly found on Svalbard and on the
eastern side of the Scandinavian mountains (Pettersson, 2004, and referencestherein).
This type is sometimescalled Sandinavian-type or Svallard-type. High net ablation at
lower altitudes can turn the cold ice into temperate ice, while the cold layer can still
exist higher up (Figure 2.1(f)).
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Polythermal glaciers can be found mainly at high latitudes (Hutter et al., 1988), but
also at high altitudes in the European Alps (Haeberli, 1976) and in China (Maohuan,
1990).

2.1 Physical Description

The following brief overview is a summary taken from Holmlund and Jansson(2001)
and slightly modi ed:

Storglaciaren (67 55°N, 18 35°E) is a small glacier located on the eastern side of the
Kebnekaisemassifin Lappland, northern Sweden(Figure 2.2). The length of the glacier
is 3:2km from its head at 1730masl: to the terminus at  1120ma:sl: and has
a total surface area of 3km?2. There are four over-deegened areasin the bed, which
would result in four small lakesif the glacier would disappear. The largest of theseover-
deepeningsis located beneaththe upper part of the ablation area, and has a depression
of 50m. The accunulation area consistsof two cirque-type basins, a larger one to the
north cortributing the major portion of the ow, and a smaller one to the south. The
glacier has an average ice thicknessof 95m, with a maximum depth of 250m in the
upper part of the ablation area.

Storglaciaren is a polythermal glacier of the type depicted in Figure 2.1(e). The bulk
is temperate ( 85%), but the surface layer of the ablation areais cold. The average
thicknessof the cold layer is 31m, with a maximum thicknessof 65m along the southern
margin, decreasingiowards the approximate position of the equilibrium line. The surface
layer of the accunulation areais only cold seasonally

2.2 Previous Work on Storglaciaren and in the Tarfala Valley

The rst sciertic studies on Storglaciaren started in the mid 1940sand were made by
Walter Schytt on the initiation of ProfessorHans W. Ahlmann. Since then, a wealth
of data has been collected. The Tarfala Researt Station is the basis of all researt
donein and around the Tarfala Valley. It was establishedduring the years1947-49and
continuously expandedsincethen. Today, Tarfala Researt: Station is an important and
well known site for glaciology-relatedresearti. Continuous massbalance measuremets
beganin 1945, but measuremen techniques and methods varied in the 1940sand 1950s
and it was not until 1965 when mass balance measuremets started according to a
xed sceme (Holmlund et al., 1996). Sciertic researt in Tarfala is not limited to
glaciology alone, there is also a strong focus on meteorology and climatology, especially
on glacier-climate interaction. Since 1995, Tarfala has beenpart of the o cial network
of meteorological stations maintained by the Swedish Meteorological and Hydrological
Institute (SMHI). Summer air temperature (JJA) measuremets beganin 1946 and
the rst automatic wheather station was installed in 1965, allowing cortinuous data
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Figure 2.1: Schematic view of dierent polythermal structures basedon Blatter and Hutter
(1991) and modi ed by Pettersson (2004). The gray color indicates temperate ice and the
equilibrium line altitude (ELA) is indicated with a line. Courtesy of R. Pettersson.
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Figure 2.2: Location of Storglaciaren. Colors indicates meters above sealevel.
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collection throughout the year (Grudd and Scneider, 1996). Maps of the ice surface
are available for the years1949,1959,1969,1980and 1990(Holmlund, 1996). The most
recert map of bedtopography wasmadeby Herzfeld et al. (1993). Radar soundingsof the
CTS depth wereconductedin 1989 (Holmlund and Eriksson, 1989)and 2001 (Pettersson
et al., 2003). The polythermal structure of Storglaciaren was rst described by Hooke
et al. (1983). The dynamics of the cold surface layer was the topic of R. Pettersson's
Ph.D. thesis (Pettersson, 2004), which servesas a starting point for this study.

2.3 Observations

2.3.1 Surface and Bed Topography and Position of the CTS

The following data setshbuild the basisof this diploma thesis(all data setswere provided
by R. Pettersson):

Bed: Herzfeld et al. (1993)
Surface: Holmlund (1996)
CTS: Petterssonet al. (2003)

In this study, a kinematic center line similar to the onedescribedin Jansson(1997) was
used for all modeling purposes. Bed and surface topography as well as the thickness
of the cold layer were interpolated at 50 evenly spacedpoints along this ow line and
smoothed afterwards (Figure 2.3).

2.3.2 Ice Velocity

A data set provided by R. Pettersson(unpublishal) wasused. Measuremelts were taken
at the following dates:

Lower stake net measuredbetween 31.08.2001and 13.07.2002
Middle stake net measuredbetween 14.09.2001and 14.07.2002
Upper stake net measuredbetween 02.05.2001and 05.05.2002
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Figure 2.3: Map of Storglaciaren and slice along the kinematic center line.
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Figure 2.5: Location map for the GPR pro les. Inlet shawsregion of interpolated water content.
CTS1, CTS2 and CTS3 are the positions of the thermistor strings. Modi ed after Pettersson
et al. (2004). Data courtesy of R. Pettersson.

2.3.3 Water Content

The water cortent (or moisture cortent) ! is de ned as:

= W kGw
I kg

where , is density of water and is density of the ice-water mixture.

(2.1)

Pettersson et al. (2004) determined the absolute water content at three calibration
points as depicted in Figure 2.3(a). The results shav a water content of 0:0080kg.,, =kg,
0:0075kgy,=kg, 0:0058kg,,=kg. 18 transverse GPR pro les were surveyed and the wa-
ter content was interpolated within the studied area as showvn in Figure 2.5. A mean
absolute water cortent of 0:008kg,,=kg was obtained for this area.
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3.1 Second Order Ice Flow Mo del

The medanical model used in this study is a two dimensional, secondorder glacier
medanics model. It was originally dewveloped and written by Heinz Blatter. Neces-
sary adaptions were implemerted by the author of this study. The following notation

is introduced: FOA standsfor rst order approximation and SOA for second order ap-
proximation, describingthe numerical order of the mathematical equation scheme. For
details on physical and numerical properties, seeColinge and Blatter (1998) and Blatter

et al. (1998). The model calculateshorizontal (u) and vertical (w) velocities as well as
strain heating Q. Additionally , model results were usedto drive the trajectory model.

3.1.1 Governing Equations

The secondorder force balanceis

Z
@ @ iS @ “°@ o
—_—+2—=09— = —dz" ; 3.1
e ‘e ‘% & , @ 3.1
where is the deviatoric stresstensor, is the normal stresstensor, g is the acceleration
of gravity, and S = S(x) is the upper free surface. The rheology of ice is described with

a relation of the form

@ , @v
=+ == 2F 3.2
a’ % (3.2)
— =F 3.3
& (3.3)
Using the following notation
1l @ @
G= =i G & G, a (3.4)
and substituting Equations 3.2{ 3.3 into Equation 3.1 yields:
@u 1 @u @,1. @._
G 2@"'5? +ZGX@+§GZ@—
s 1_@w 1_@ @ S @ @ , @v 0
g— =G— =G,— — — G —|+— dz (3.5)
5 L9 Fee @ - e 8 @
X 1 2 T

11
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W1; W, and T are secondorder terms. The uidit y F is a function of the stresscompo-
nens:
F=F(; )=FL(F) (F) (3.6)

which can be written in the form of a non-linear equation for F:
F(F)=0 (3.7)
In the caseof a modi ed Glen's ow law (Blatter, 1995):
F=A 2+ 2n2_1+t31; (3.8)
the resulting equation becomes:
F3 F2At3 A — +

=0 (3.9)

with n = 3 and where t3 is proportional to the inverse of the viscosity at vanishing
e ectiv e stress.

Boundary Condition at the Surface:

" #
ds 2 ds
1 ax s 2& s=0 (3.10)
With Equation 3.2{ 3.3, Equation 3.10 becomes:

n 2#

ds @ . @v ds @
i —— =+ = 4= = = 11

dx @ & dx @& 0 (3.11)

S

Boundary Condition at the Base:
Either a basal velocity uy = up(x) or a given sliding law can be prescibed (Colinge and

Blatter, 1998). If no-slip conditions are assumed,then uy = wp = 0. In caseof a sliding
law, the basalsheartraction |, and the sliding velocity vy, are functionally related via

F(pup =0 (3.12)
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Table 3.1: Model setup usedfor testswith a constart rate factor. u, and ug are basaland surface
velocity, respectively. Valuesapply to all con gurations listed in Table 3.2.

variable description value unit
A rate factor 0.07 a bar 3
Up basal velocity 0 ma !
Us surfacevelocity model output ma !

3.1.2 Model Description

The model is of full secondorder although it is designedto allow ead secondorder term
to beturned on or 0 seperately, for testing purposes.The relative importance of eah
term can then be investigated. Secondorder terms appear in Equation 3.5 on the right
hand side only:

G 2%+%% +2GX%+:—2LGZ%=SX Wi W, T (3.13)
Sy is the driving stress(rst order) and W1, W> and T are the secondorder terms. The
model was run with 50 gridpoints (Ny) in the x-direction and 100 gridpoints (N;) in
the z-direction, where x is oriented downglacier and z points opposite the direction of
gravity. The glacier is assumedto be temperate. This is true except for a small layer
in the ablation area as discussedin Section 2.1. Tests were made using a rate factor
that dependson temperature. Howeer, results (not shown in this thesis) reveal that
the in uence of this temperature dependenceis negligible small. Hence,the assumption
of an ertirely temperate glacier is reasonable.

3.1.3 Tests with a Constant Rate Factor

In order to study the performanceof the ice ow model and to investigate di erences
betweenthe rst order and secondorder approximation, initial tests were carried out.
A constart rate factor of 0:07a bar 3 wasusedin rst and secondorder model con-
guration, respectively, which is the samevalue as in Albrecht et al. (2000). Basal
sliding was setto zero. No other assumptionswere made. (Table 3.1). The secondorder
con guration can be subdivided into v e cases,thus resulting in six distinctive model
con gurations (Table 3.2). Convergencecould not be achieved for model con guration
VI. Therefore, only con gurations | { V are discussedin detail below.
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Table 3.2: Model con gurations usedfor tests with a constart rate factor.

notation included terms

[ rst order scheme
[ W1, Wy, T (full secondorder scheme)

Il W,

A Wo

\% W1, W»
Vi T

Velocities

Figure 3.1shows horizontal and vertical velocities for con gurations | and |1, respectively.
The most striking feature is the large di erence in horizontal velocity between rst and
full secondorder model con guration (seeFigure 3.1(e)and Table 3.3). The secondorder
model yields higher velocities throughout the whole glacier. The largest di erences are
found at the surfacein a region with both steepbaseand surfacetopography. Second
order results are up to 14:23ma ! (40:55%) higher than rst order results. A second
location where remarkable di erences are found is around a transverse bedrock ridge
(riegel). The velocity distribution pattern is similar exceptfor the riegel. Jansson(1997)
studied the riegel and assaiated variations in surfacevelocity upstream of the riegel due
to a pulling from downstream through longitudinal coupling acrossthe riegel. Complex
coupling e ects are assumedto be modeled more accurately when incorporating second
order terms.

The following de nitions are used:

Vmin = min vPOA oA (3.14)
e X
voEo= VPR VoA (3.15)
) o1 =
Vmax = max vpR VoA (3.16)

wherevj; is either the horizontal or vertical velocity at the grid point (i; j). The meanof
the di erences in horizontal velocity betweenFOA and SOA, ~ u, is 2.04ma ! (13:72%),
and vertical velocity wis 0:38ma !. Vertical velocities were calculated basedon the
integrated cortinuity equation & + &' = o:

z

w(z) = ub%)+ i @dza, (3.17)

where uy is horizontal velocity at the glacier bed.

To identify the secondorder term, which is most likely responsible for the very high
simulated velocities, horizontal and vertical surfacevelocities are depicted in Figure 3.2
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Table 3.3: Comparison of 15t (FOA) and 2" order (SOA) velocity elds a with constart rate
factor. Valuesin meters per year.

min mean max

uiiOA 0 13.56 35.09
wj oA -10.90 -1.39 2.05
upoA 0 15.60 49.32
WA -16.81 -2.31 341

Vmin _V Vmax
horizontal velocity u -1.08 2.04 14.25
vertical velocity v -5.92 0.38 240

separatelyfor all model con gurations (I { V). Con guration V, with W, and W, terms
combined, yields horizontal surface velocities similar to the full secondorder stcheme
over the rst 500m downglacier from the bergstirund and from a distance about 1400m
away from the bergsdirund down to the glacier tongue. The region in betweenis char-
acterized by lower horizontal velocities than computed by the full secondorder scheme.
Con guration 111 generally gives lower horizontal velocities than the rst order scheme
(con guration 1), thus the W term is most likely not the causeof the prevailing high
velocities of the full secondorder scheme. Incorporating only the W, term (con gura-
tion V), horizontal surfacevelocities in the accunulation areafrom the bergsdrund to
about 1130m downstream are much higher than the full secondorder model. Hence,
the W, term is presumably responsible for the very high simulated velocities. The in-
uence of the T term is expectedto be small due to the rather small di erence between
con guration Il and V.

Accumulation Function

The accunulation function as is de ned as:

as = usg—i Ws; (3.18)
where us is horizontal sufacevelocity and ws is vertical surfacevelocity. This function
is the theoretically necessarymassbalancedistribution for a glacier, not only in global
but alsoin local equilibrium. It should not be mistaken for the accunulation-ablation
function al used, for example, by Greve (1995) which is a climatic input quantity.
Therefore, the elevation corresponding to the level where the accurnrulation function is
zero indicates the modeled altitude of the equilibrium line of a glacier in equilibrium
(Figure 3.3(a)) and is about 1450ma:s.l: for FOA and SOA. The pattern is the same
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for FOA and SOA but the amplitude of the SOA is larger. This can be understood
quite easily: the accumulation function is linearly coupled with horizontal and vertical
surfacevelocities. This result agreeswith a measuredaltitude of the equilibrium line of

1496m a:sil: in 2002 (P. Jansson, personal communication 2004) since the interannual
variation can be large.

Stresses

Stress elds for normal and shear stressare depicted in Figure 3.4. Also here, largest

di erences betweenFOA and SOA results can be found around the equilibrium line and
below the riegel.

Surface Traction

A possibletest of the model performanceis to analyze the computed surface traction,
which must be zero accordingto the surfaceboundary condition (Equation 3.10).

A mean surfacetraction of 0:0003bar and a standard deviation of 0:0221bar was ob-
tained from FOA, while for SOA, a meansurfacetraction of 0:0049bar and a standard
deviation of 0:0622bar wasfound. This order of magnitude o set is largely due to three
peaks (Figure 3.3(b)): one around the equilibrium line and two just below the riegel.
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Figure 3.3: Accumulation function and surfacetraction using a constart rate factor.

These two regions correspond to the regions where the highest velocity deviations oc-
cur. Discrepanciesin the secondorder model code, especially in the formulation of the
boundary conditions, is assumedto be the main causeof the weaker performancecom-
pared to the rst order results. The rst order code has already beenthoroughly tested
(H. Blatter, personalcommunication, 2004)and is assumedto be error-free, whereasthe
program code for the secondorder schemeis novel and not yet fully tested. Revision of
the codeis an important issuethat should be addressedn future work with the model.
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3.1.4 Tests with Prescribed Basal and Surface Velocity

Kuriger (2002) calculated trajectories for Storglaciaren based on a three-dimensional
velocity eld without basalsliding. This led to unrealistic results which were attributed

to de ciencies of the interpolation tool or of the ow model. Kuriger also found poor
correspondencebetween measuredand modeled surfacevelocities and identi ed the as-
sumption of no basal motion asthe crucial limitation.

To overcomethis, a newapproac waschosen. The modelwastuned in view of simulating
a velocity eld as closeto obsened data as possible. Thus, an novel iterativ e tuning
procedurewas applied.

The rate factor A is assumedto depend on physical properties of the ice such as tem-
perature, pressure,water cortent, crystal size and orientation, impurities and density
(Paterson, 1994). In the two-dimensionalcase,the rate factor is rather a tuning param-
eter becauseit is inseparably coupledwith the shage factor (Nye, 1965). The rate factor
is therefore presumedto depend on the numerical order of the model scheme as well.
Valuesgiven in Paterson (1994) are suitable if the shallow ice approximation is applied,
and those values used by Albrecht et al. (2000) or Gudmundsson (1999) are basedon
FOA and three dimensions. The rate factor is the only variable parameter of the model
suitable to serwe as a tuning parameter.

Boundary Conditions

Surfacevelocity data from obsenations between2001and 2002wereonly available in the
ablation zoneat altitudes belowv 1400m a.s.l. There are two main reasonswhy velocity
measuremets in the accunulation zoneare sparse. First, the glacier surfaceis steeper
and much more crevassedwhich makesit di cult and dangerousto place velocity stakes
and measuretheir position. Second,the proximity of rock walls shade the satellite
signal used for di erential GPS measuremets. Hooke et al. (1989) have made a few
measuremets up to an altitude of 1500m a.s.l.. An assimilation and conbination of the
2001/2002data, the measuremets by Hooke et al. (1989), and model results by Jansson
(1997), has provided a rst estimation of surfacevelocities which was used as an upper
boundary condition.

Knowledge of basal topography and measuremets of basal velocities of glaciersis one
of the key problems in glaciology For Storglaciaren, bed topography is relatively well
known from radar pro les made by Herzfeld et al. (1993), but information about basal
sliding is rare and high spatial variability makes extrapolation from measured points
guestionable. Jansson(1997) derived a basal velocity boundary condition through tun-
ing the basal velocity until calculated surface velocities matched measuredsurface ve-
locities. Although this leadsto a basal velocity that works ne with the model, the
number of possiblesolutionsis still in nite (P. Jansson,personalcommunication, 2004).
His boundary condition sered asa rst guessin this study and was improved through
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Table 3.4: Model setup usedfor tests with prescribed basaland surfacevelocities. up and us are
basal and surfacevelocity, respectively. Valuesapply to both rst order and secondorder.

variable description value unit
A rate factor iteratively calculated a 'bar
Up basal velocity prescribed ma 1!
Us surfacevelocity prescribed ma !

a tuning and assimilation procedure described in detail below. It was decidedto esti-
mate the basalvelocities and the surfacevelocities basedon the obsenations and model
results mentioned above. Theseestimations serwe as an upper and lower boundary con-
dition (from now on referedto asprescribed surface velccity and prescrited basal velcity,
respectively). SeeFigure 3.5 and Table 3.4.

Tuning Procedure

The boundary conditions mertioned above wereimp osedand the rate factor was allowed
to change in the longitudinal direction. After a rst initialization run with Ai(l) =

and prescribed surfacevelocities, thus de ning a xed point iteration scheme:
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Table 3.5: Comparison of 15t-order (FOA) and 2" -order (SOA) velocity elds with prescribed
basal and surfacevelocity. Valuesin meters per year.

min mean max

uiiOA 0 14.63 29.30
wj oA -9.69 -2.04 4.76
u;?OA 0 1452 29.55
waA -9.47 -2.03 4.70
Vmin _V Vmax
horizontal velocity u -1.54 -0.11 0.54
vertical velocity w -0.89 0.01 0.67
(I1+1) _ ) Vi
AT = A u_l. (3.19)

where u; and v; are the calculated and prescribed surface velocity at the ith grid line,
respectively, and | is the number of the iteration step. 50 iterations were performed.
Results shoved an unrealistically high rate factor (A > 0:1a bar 2) at one grid line.
To avoid this, a threshold of 0:1a ‘bar * was set and a seconditeration processwas
started. The rate factor exceedingthis threshold was compensatedby increasedbasal
sliding in the following way:

Vit = v+ 0l vy us ; (3.20)
where vy, is the prescribed basal velocity and ug is the calculated surface velocity. A
relaxation factor of 0.1 helped to stabilize the model (initial tests yielded unstable per-
formance). Again, 50 iterations were computed. The resulting basal velocity is showvn
in Figure 3.8(a), together with the longitudinal variation of the rate factor.

This tuning processwvasapplied to the rst andthe secondorder model. A perfect match
of prescribed and calculated surface velocities was not possibleto obtain, nevertheless,
results are closeenoughfor the purposeof this study sincethe error in estimating the
basal and surface velocity boundary condition is much larger. The mean di erence
between SOA and FOA in horizontal velocity is 0:11ma ! and in vertical velocity
0:01ma ! (Table 3.5). Thesedi erences are small and thus, it makesno senseto discuss
model performancesin detail. Nonetheless,both velocity elds were usedto calculate
trajectories in Section 3.2.2. Trajectories seemsuitable to highlight di erences in the
velocity elds. For the sake of completeness,results from both orders are given in
Figures 3.7{ 3.10 and Table 3.5.
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3.2 Trajectory Model

3.2.1 Model Description

This section is courtesy of H. BIatte{ (personal communication, 2004). Given is the
veloctiy eld v = v(r), wherer = OP points to the location P'(x; y;z). The starting
point of a particle is P(x;y;z) with the location vector r o = OPg at the time to. The
trajectory of the particle follows the di erential equation
dr

— =V 3.21
at (3.21)
A numerical solution of the dierential equation 3.21 usesa forward Euler iteration
stheme, sometimescalled Pettersseniteration (Seibert, 1993):

inital step: r{ = ro+ tv(rog;tp) (3.22)

iteration step: ri+1 = Tro+ 7t[v0+ v(ri;to+ t)]: (3.23)

If N = 2, this schemeis called a predictor corrector scheme. The Pettersseniteration
schemeis a xed point iteration sdheme of secondorder accuracy which convergestp-
wardsa xed point, if it corvergesat all. A xed point Ps with location vectorr; = OPs
is de ned by

t .
rif =ro+ 7[V0+V(rf;t0+ )], i=1:::;N: (3.24)

3.2.2 Test of Trajectory Mo del

Twentytwo badkward tra jectories were calculated for both FOA and SOA velocity elds
described in Section 3.1.4. Results from SOA are depicted in Figure 3.11. Results from
FOA look similar and are not showvn. Start points wereevenly distributed from the onset
of the CTS to the point whereit reathesthe bed. The length of the shortest ow line
is 680m with a travel time of 26a, the longestis 3150m and has a travel time of 273a
(seeTable 3.6).

Table 3.6: General properties of tra jectories. Four arbitrarily chosentrajectories as depicted in
Figure 3.12 are compared.

no. of tra jectory
property unit 5 10 15 18

length of trajectory m 1413 1975 2388 2725
travel time a 62 99 127 158
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Figure 3.11: Calculated badkward tra jectories start at the CTS (dashedline) and are basedon
the SOA velocity eld with prescribed basal and surface velocity and a 1d time step. Black
points indicate 10atime step.
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badkward trajectories start at the CTS (dashedline) and are basedon the SOA velocity eld

with prescribed basal and surfacevelocity and a 1d time step. Black points indicate 10atime
step.
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Numerical Tests Four arbitrarily chosentrajectories (no. 5, 10, 15 and 18) sere as
examplesto investigate numerical details. Seibert (1993) assaiated with the Petterssen
scheme a systematic phaseerror for purely rotational ow which leadsto too slow nu-
merically calculated trajectories. To overcome this, the time step should be chosen
su cien tly small. Trajectories with a one year and a one day time step were calculated
forward and badward and then compared: the di erence x betweenthe start point of
the badkward and the end point of the forward trajectory must be zero. x increases
with increasingtrajectory lengths from no. 5 to 18, but the order of the ratio between

x and the total length | of a ow line

X
D

is constart (10 ° for a 1atime stepand 10 ° for a 1d time step). It hasbeendecidedthat
an error of order 10 ° is an acceptablecompromisebetweenaccuracyand computational
time. A time step of 1d wastherefore usedto calculate strain heating. Details are given
in Table 3.7 and Figure 3.13.

o) (3.25)

Table 3.7: Numerical tests with tra jectories. Four arbitrarily chosentrajectories as depicted in
Figure 3.12 are compared. Valuesin meters.

no. of tra jectory

order time step 5 10 15 18 mean
di er ence between forward and backwad

1 la 8.69 1327 1708 2606 1628
2 la 8.46 1263 1692 2469 1568
1 1d 0.02 004 005 0.07 0.05
2 1d 0.02 0.04 0.05 0.07 0.05

di er ence between 1a and 1d time step
1 1la,1d 2052 633 866 942 1123
2 la,1d 3105 527 639 9.89 1315

Di erence between FOA and SOA The end points of rst and secondorder velocity
elds were comparedfor a 1a and 1d time step. In both cases,the di erence between
FOA and SOA seemsto be independert of the trajectory length |. This indicates that
there is no systematic di erence between rst and secondorder elds (Table 3.8).

Test with an Alternative Basal Boundary Condition

Flow lines are very sensitive to a given ow eld due to their accurnrulative e ect. Since
the basalvelocity boundary condition accourts for the largest uncertainty of all assump-
tions and measuremets applied in this study, an alternative basal velocity boundary
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Figure 3.13: Accuracy test of the forward Euler scheme. Thick dashedline is the position of the
CTS, thin solid line is backward trajectory and thin dashed-dottedline is forward trajectory.
Forward trajectory was started at the end position of the backward tra jectory and integrated
over the sametime span. The end point of the forward tra jectory is comparedwith the start
point of the backward tra jectory. The di erence of both points givesan idea of the accuracy
of the trajectory model. Trajectory no. 10 is plotted, and results from all four investigated
tra jectories are collectedin Tables3.7 and 3.8. This comparisonis basedon the secondorder

velocity eld with prescribed basal and surface velocity. Results using the rst order scheme
are similar (not shown).
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(b) Trajectories calculated using an alternativ e basal velocity asplotted in Figure 3.14(a). Trajec-
tories basedon SOA mechanic model and a 1d time step. Light blue indicates the cold layer and
light red the temperate layer. The dashedline is the CTS. White colored tra jectories o w from the
temperate into the cold layer and back into the temperate. SeeFigure 3.15 for more information.

Figure 3.14: Testswith an alternativ e basal velocity boundary condition.
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Table 3.8: Trajectory comparison sheet. Di erences between FOA and SOA. Four arbitrarily
chosentra jectories as depicted in Figure 3.12 are compared. Valuesin meters.

no. of tra jectory

order time step 5 10 15 18 mean
di er ence between FOA and SOA

1,2 la 2422 507 1132 3.37 1100
1,2 1d 3486 345 877 4.12 1280

condition (Figure 3.14(a)) wastested with the SOA model and 1d time step tra jectories.
Figure 3.14(b) revealsa surprising feature. The topography of the CTS in conjunction
with the ection of certain trajectories entails ow lines almost parallel to the CTS.
In addition, the CTS crossescertain ow lines two or even three times. This behavior
was not expected and also not found in the literature about Storglaciaren. A physical
interpretation and a discussionof possibleconsequencess given below.

The CTS is de ned by a changein temperature. Ice is below the pressure-corrected
melting point on the cold side whereasice is at the pressure-correctedmelting point

on the temperate side. On the other hand, the CTS as seenby a ground-penetrating

radar (GPR) is tied to a changein the water content. Until now, it was assumedthat

the two surfacescoincide. Flow lines, as shown in Figure 3.14(b) howewver, support the

possibleexistenceof a temperate, but dry region. The following processesre illustrated

in Figure 3.15. The labels A, B and C correspond to the labelsin this gure.

A Ice particles traveling downglacier accurrulate water. When they arrive at the CTS
for the rst time, all liquid water freezes.Latent heat is releasedand transported
into the cold ice becauseof a negative temperature gradient on the cold side (Greve,
1995). Now o wing through this cold region, ice will not accunulate water since
the energydue to strain heating is not su cien t to melt ice.

B Ice passingthe CTS here cannot immediately melt as Greve (1995) has shown.
This is due to the fact that there is no way to transport the energy necessaryfor
melting to the CTS. Ice ow from the cold to the temperate side is only possible
if no melting at the transition surface occurs. On the temperate side, the only
contribution to a negative temperature gradient originates from the pressurede-
pendenceof the melting point, which is small for a small glacier like Storglaciaren.
Ice in this region is temperate, but mostly dry. The water cortent increasesonly
slightly alongthe ow lines.

C Ice with low water cortent crosseghe CTS and onceagain, water freezesout and
latent heat is releasedinto the cold side. Due to the low water cortent, lessheat
is freed this time.
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Figure 3.15: Schematic depiction of the di erence betweenthe cold-temperate transition surface
and the wet-dry transition surface. Qg is latent heat ux due to freezingwater, dashedline
is the CTS and dotted line is the WDS. Solid white lines are o w lines. Detailed explanations
are givenin the text.

Hence,three zonescan be distinguished: cold ice, dry temperate ice and wet temperate
ice. Ice entering the dry temperate zone has zero water cortent and the only sourceof
water is from strain heating within that zone. The boundary betweendry and wet ice
shall be called wet-dry transition surface (WDS). Unlike the CTS, the WDS is not a
boundary of phasechange.

Ice owing along trajectories just below the WDS is wet, while ice owing just above
has a negligible or at least a very small water content. It is now arguedthat a ground-
penetrating radar would detect the WDS instead of the CTS. Thus, the depth of the
cold layer could be overestimated in suc regions.



4 Strain Heating and Water Content

Strain heating and water cortent calculations preseried in this sectionare basedon SOA
and 1d time steptrajectories. Results using di erent ordersand time stepsyield similar
valuesand are not showvn here.

4.1 Strain Heating

The energy balancefor temperate ice is:

)
|+ %_z Lav(ri)+ r—f; (4.1)

where! and _ are the total derivatives of the water content and temperature, respec-
tively, "_is the strain rate tensor, the deviatoric stresstensor (9 = ; 2o, s
the moisture di usivit y, ¢, is the heat capacity, and L is the latent heat of melting. If
heat and moisture di usion are omitted (Blatter and Hutter, 1991) and steady state is

assumed,Equation 4.1 can be rewritten as:

Z B
I = 1o+ ~dt; Q=tr " @
A L N
Then, usingthe incompressibility assumption % = % , Wwe canobtain Q the following
way:
I
Q= @ (@
Xz XX |
W@ e (@ '
- tr XX XX _XZ XZ
v @ e (@)
XX XX XZ XZ
= 2 W+ 2% 9 (4.2)
Applying the ow law " = AF (:) j and using D= and 9= resultsin:
Q= 2AF(:) 2+ 2AF () 2 (4.3)
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The ice o w model computesthe strain heating Q = Q(i; j) at ead grid point (i; j) with
i=1:::;Nxandj = 1;:::;N;. Then, Q is interpolated using splinesat all points Q(I)

4.2 Melt Water Production

The total amount of water produceddue to strain heating is obtained through summing
over |:

t(l) (4.4)

Pas=!o+

1 X QU 1)+ Q)
L 2

=2

Figure 4.1(a) shaws the distribution of the water cortent due to strain heating. The
kinematic center line doesnot exactly crossthe three thermistor strings but is in close
proximity of lessthan 30m. This allows comparisonwith measureddata.

The water content due to strain heating along the CTS starts at 0:0003%g,,=kg at the
beginning of the CTS and gradually increaseso maximum of 0:01143g,,=kg where the
cold layer is frozen at the bed with an averagevalue of 0:0024kg,,=kg (Figure 4.1(b)).

Interpolation of the water cortent due to strain heating in the vicinity of the thermistor
strings yields a value of 0:0006kg,,=kg. Pettersson et al. (2004) obtained an absolute
water cortent of 0:008kg,,=kg and assaiated a value of 0:001kg,,=kg with strain heating.
This rough estimate is very closeto the value presened in this study, though it was
basedon seweral simple assumptionssud as an averagevelocity of 17ma 1, a maximum
ice depth for ow lines of 60m and 800{ 1000m of horizontal lenght for the ow line.
All these assumptions are close to modeled results: the maximum ice depth of the
corresponding ow line is roughly the sameand the ow line has a horizontal length of
1200m, which is more than estimated, but the mean horizontal velocity is sligthly less
( 15ma 1, Table 3.5) than expected.

Thus, the cortribution of strain heating to the obsened absolute water cortent at the
CTS is lessthan 10% within the proximity of the thermistor strings. But, as Fig-
ure 4.1(a) illustrates, strain heating increasesfurther downglacier. Due to the lack of
absolute water cortent determinations further downstream, it is unfortunately not pos-
sible to assesdf the relative cortribution of melt water due to strain heating to the
absolute water content at the CTS changesoutside the studied area.
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Figure 4.1: Water content due to strain heating.
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5 Conclusions and Prospects

The ice ow model usedin this study is a fast tool to simulate velocity elds of small
valley glaciers. The code of the rst order stcheme is reliable and has already proven
its ability to simulate the ow eld of Haut Glacier d'Arolla (Blatter et al., 1998) and
Triftgletscher (Muller, 2004). Secondorder terms were intro duced and results compared
to the rst order solution. Using the same constart rate factor, secondorder results
reveal higher velocities throughout the whole glacier and a poorer match with the zero
surfacetraction boundary condition (seeEquation 3.10). Larger velocities are suspected
to be due to a possibledependenceof the rate factor on the numerical model order. The
higher mean surfacetraction and standard deviation seemsto be assaiated with a pre-
viously hidden error in the secondorder program code. Hence,the secondorder scheme
is not yet fully veried and a thorough revision of the code is strongly recommended.
Oncethe code is error-free, more accurate modeling of regionswith steepsurfaceand/or

basetopography is expected. Expansion to three dimensionsand incorporating thermo-

dynamics together with a surface ewlution routine basedon distributed massbalance
measuremets promisesa challenging task for the near future.

The iterativ e tuning processintroduced in Section 3.1.4 provides a useful method to
simulate a velocity eld with calculated surfacevelocities closeto prescribed conditions.
Applying the method yields rst and secondorder velocity elds similar to ead other.

It is shown that trajectories computed with a 1d time step have a negligible numerical
error and no systematic di erence betweentrajectories from rst and second elds was
found. Results basedon the secondorder approximation and a 1d time step are pre-
serted, those using di erent orders or time stepsare similiar. Testswith an alternative
basal velocity condition suggestthe existenceof a temperate, but dry zoneseperated by
a wet-dry transition surface from wet temperate ice.

Strain heating calculatedalong22 o w lineswascorverted into melt water production. It
is concludedthat the water content dueto strain heating has an averagevalue along the
cold-temperate transition surface of 0:0024kg,,=kg and in the vicinity of the thermistor
strings of about 0:0006kg,,=kg. Pettersson et al. (2004) roughly estimated a water
content due to strain heating of 0:001kg,,=kg which is in good agreemem with the value
presertied in this study.
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