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Two Differential GPS (DGPS) stations were set up on Storglaciären in the 
upper and lower part of the ablation area to study short term variations of 
Storglaciären’s motion. The study period lasted from April to July 2009 and the 
DGPS logged data every second. Station 14, was situated over an 
overdeepening in the subglacial bedrock topography in the upper part of the 
ablation area, and was functioning the whole study period. Station 7, situated in 
the lower part of the ablation area, only lasted for nine days and only 
overlapped five days with station 14. There was a clear lag in ice motion 
between the two stations which indicates longitudinal coupling between the 
upper and the lower part of the ablation area. Station 14 pushed from up-glacier 
during the first acceleration event at the 24th of April and when the velocity 
decreased station 7 pulled from down-glacier.   

The total movement of the DGPS station was 26 m during the study period. The 
velocity was well correlated to the external changes in temperature and 
precipitation. It appears to be eleven days lag in response time from April to 
middle of May, but after mid May the glacier responded directly to melt acts 
such as temperature changes and precipitation events. The delay most likely 
depended on the hydrological system was not entirely evolved during early 
spring. During the summer the system evolves which makes the glacier to 
respond directly to external changes.  

There were four major acceleration events during the study period and after the 
accelerations the velocity went back to the same low state as before. These 
cannot be interpreted as spring events as spring events should lead to an 
increase in the overall velocity. The temperature fluctuated during the whole 
study period which affects the melting rate and input and development of the 
hydrological system. To get a clear spring event a marked and substantial onset 
of melt season is needed.   
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REFERAT	

Korttidsvariationer	i	isdynamik	under	vår	och	sommarregimen	på	

Storglaciären,	Kebnekaise,	Sverige.			

Helena	Psaros	

Två	differentiella	bärvägs	GPS	(DGPS)	stationer	sattes	upp	på	Storglaciären	på	den	övre	och	

lägre	delen	av	ablations	området	för	att	studera	korttidsvariationer	i	isflöde.	

Fältundersökningen	pågick	under	april	till	juli	2009	och	DGPS	loggades	varje	sekund.	Station	14	

är	placerad	vid	en	överfördjupning	i	bottentopografin	i	den	övre	delen	av	ablationsområdet	och	

var	i	gång	under	hela	studien.	Station	7	fungerade	endast	i	nio	dagar	och	är	placerad	vid	den	

lägre	delen	av	ablationsområdet	samt	överlappade	under	endast	fem	dagar	med	station	14.	Det	

finns	en	tydlig	fördröjning	mellan	de	två	stationerna	i	isrörelse	vilket	indikerar	en	longitudinell	

koppling	mellan	den	övre	och	undre	delen	av	ablationsområdet.	Före	den	24	april	reagerade	

station	14	snabbare	än	station	7.	Efter	en	kraftig	acceleration	vid	station	14	den	24	april	skedde	

det	en	förändring	till	att	den	nedre	delen	av	ablationsområdet	reagerade	snabbare	än	den	övre	

delen.		

Den	totala	förflyttningen	av	station	14	var	26	m	under	mätperioden.	Hastigheten	är	korrelerad	

med	externa	förändringar	i	temperatur	och	nederbörd.	Under	april	till	mitten	av	maj	var	det	en	

förändring	i	reaktionstid	på	elva	dagar	men	den	övergick	under	sommaren	till	att	reagera	direkt	

på	förändringar	i	temperatur	och	nederbörd.	Förskjutningen	berodde	troligtvis	på	att	det	

hydrologiska	systemet	inte	var	tillräckligt	utvecklat.	Under	sommaren	utvecklas	systemet	vilket	

leder	till	att	glaciären	reagerar	snabbare	på	externa	förändringar.		

Det	förekom	fyra	större	accelerationshändelser	under	fältperioden.	Efter	de	observerade	

accelerationerna	gick	hastigheten	tillbaka	till	samma	nivå.	Dessa	accelerationshändelser	kan	inte	

tolkas	som	våracceleration.	En	våracceleration	innebär	att	den	generella	hastigheten	hos	

glaciären	ökar	till	en	ny	högre	nivå.	Detta	kan	bero	på	att	temperaturen	skiftade	under	hela	

fältperioden	som	styr	smältning,	isflöde	och	utveckling	av	det	hydroligiska	systemet.	För	att	få	

en	tydlig	”spring	event”	måste	smältsäsongens	nå	en	tydlig	början	och	forstätta	så	kontinueligt.		

Nyckelord:	Storglaciären,	DGPS,	korttidsvariationer,	accerlerationshändlese,	temperatur,	

hydrologiska	sytem	och	isrörelse.		

Institutionen	för	geovetenskaper,	Luft‐,	vatten‐	och	landskapslära,	Uppsala	universitet,	Villavägen	

16,	SE‐752	36	Uppsala	
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ABSTRACT		

Short‐term	variations	in	ice	dynamics	during	the	spring	and	summer	period	

on	Storglaciären,	Kebnekaise,	Sweden.	

Helena	Psaros	

	

Two	Differential	GPS	(DGPS)	stations	were	set	up	on	Storglaciären	in	the	upper	and	lower	part	

of	the	ablation	area	to	study	short	term	variations	of	Storglaciären’s	motion.	The	study	period	

lasted	from	April	to	July	2009	and	the	DGPS	logged	data	every	second.	Station	14,	was	situated	

over	an	overdeepening	in	the	subglacial	bedrock	topography	in	the	upper	part	of	the	ablation	

area,	and	was	functioning	the	whole	study	period.	Station	7,	situated	in	the	lower	part	of	the	

ablation	area,	only	lasted	for	nine	days	and	only	overlapped	five	days	with	station	14.	There	was	

a	clear	lag	in	ice	motion	between	the	two	stations	which	indicates	longitudinal	coupling	between	

the	upper	and	the	lower	part	of	the	ablation	area.	Station	14	pushed	from	up‐glacier	during	the	

first	acceleration	event	at	the	24th	of	April	and	when	the	velocity	decreased	station	7	pulled	from	

down‐glacier.			

The	total	movement	of	the	DGPS	station	was	26	m	during	the	study	period.	The	velocity	was	well	

correlated	to	the	external	changes	in	temperature	and	precipitation.	It	appears	to	be	eleven	days	

lag	in	response	time	from	April	to	middle	of	May,	but	after	mid	May	the	glacier	responded	

directly	to	melt	acts	such	as	temperature	changes	and	precipitation	events.	The	delay	most	likely	

depended	on	the	hydrological	system	was	not	entirely	evolved	during	early	spring.	During	the	

summer	the	system	evolves	which	makes	the	glacier	to	respond	directly	to	external	changes.		

There	were	four	major	acceleration	events	during	the	study	period	and	after	the	accelerations	

the	velocity	went	back	to	the	same	low	state	as	before.	These	cannot	be	interpreted	as	spring	

events	as	spring	events	should	lead	to	an	increase	in	the	overall	velocity.	The	temperature	

fluctuated	during	the	whole	study	period	which	affects	the	melting	rate	and	input	and	

development	of	the	hydrological	system.	To	get	a	clear	spring	event	a	marked	and	substantial	

onset	of	melt	season	is	needed.			

Key words: Storglaciären, DGPS, short term variation, spring event, temperature, hydrological system 
and ice motion.   
 
Department	of	Earth	Sciences,	Program	for	Air,	Water	and	Landscape	Sciences,	Uppsala	University,	

Villavägen	16,	SE‐752	36	Uppsala	
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1	AIMS	OF	THIS	STUDY		

The	aim	of	this	study	is	to	study	the	dynamical	behavior	of	Storglaciären	during	a	spring	event,	

to	get	a	better	understanding	of	the	evolution	of	the	subglacial	hydrology	system	and	how	

temperature	and	precipitation	is	correlated	with	ice	dynamics.		

In	April	2009	two	Differential	Global	Positioning	System	carrier	phase	(DGPS)	stations	were	set	

up	at	the	upper	and	lower	part	of	the	ablation	area	on	Storglaciären.	The	stations	were	

programmed	to	log	data	every	second	from	April	until	the	stations	were	shut	down	and	brought	

down	in	July.	The	purpose	of	the	two	stations	was	to	study	the	short‐term	variations	in	motion	

during	a	spring	event	and	to	investigate	coupling	between	ice	motion	and	meteorological	data.	

The	collected	data	from	the	glacier	was	compared	to	meteorological	data	from	nearby	Tarfala	

Research	station	to	see	if	there	were	any	variation	in	the	movement	of	the	glacier	that	can	be	

connected	to	precipitation	and	temperature.		
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2	INTRODUCTION	

So‐called	spring	events	occur	often	in	valley	glaciers	(Mair	et	al.,	2003)	and	it	is	a	dynamical	

change	in	the	glacier	during	the	winter‐spring	transition	(Rose	et	al.,	2009)	and	spring	event	is	

not	a	well	studied	phenomenon.	During	this	transition	a	period	of	instability	in	the	glacier	

dynamics	is	present	(Rose	et	al.,	2009)	due	to	increased	melt	rates	and/or	early	rainstorms	

during	spring	causes	rapid	changes	in	the	poorly	developed	subglacial	drainage	system	(Mair	et	

al.,	2003).	Spring	events	resulting	in	a	sudden	acceleration	and	overall	increase	in	motion	caused	

by	sliding	and/or	sediment	deformation	and	hydraulically	induced	reductions	in	basal	drag	

(Mair	et	al.,	2003).	During	the	winter	the	hydrological	system	is	closed	and	velocities	are	at	

minimum	(Rose	et	al.,	2009).	As	the	season	progresses	into	spring,	rapid	increased	melting	can	

introduce	large	inputs	of	meltwater	into	the	subglacial	system	and	drive	a	seasonal	change	in	the	

subglacial	drainage	system	(Kavanaugh	and	Clarke.,	2001;	Rose	et	al.,	2009),	if	meltwater	inputs	

exceed	the	capacity	of	the	drainage	system	results	in	hydraulic	and	mechanical	instability	

(Kavanaugh.,	2001).	As	the	onset	of	melting	in	spring	is	occurring	earlier	in	the	lower	elevation,	

these	parts	of	the	glacier	might	react	earlier	than	the	upper	part	causing	a	longitudinal	stress	

gradient	in	the	glacier.		

2.	1	SITE	DESCRIPTION		

Storglaciären	(67°55’	N,	18°35’	E)	is	situated	in	Lappland	on	the	eastern	side	of	Kebnekaise	

massif,	Sweden	(Jansson,	1995)	(fig.	1).	It	is	a	small	temperate	valley	glacier	(Hanson	et	al,	1998)	

with	an	average	thickness	of	95	m	with	a	maximum	in	the	upper	part	of	ablation	area	with	a	

thickness	of	250	m	(Jansson,	1995).	The	glacier	has	a	total	surface	of	3	km2	and	it	is	3.2	km	long	

from	the	top	~1730	m	a.s.l	to	its	terminus	at	~1120	m	a.s.l	(Jansson,	1996).		The	larger	part	of	

the	glacier	is	temperate	except	for	the	cold	surface	layer	of	the	ablation	area	which	is	thickest	at	

terminus	and	decreases	toward	the	center	of	the	glacier	(Jansson,	1996).	The	surface	layer	of	the	

accumulation	area	is	cold	seasonally	(Jansson,	1996)	but	gets	temperate	during	summer.	A	

bedrock	threshold	often	called	a	riegel	in	the	middle	of	the	ablation	area	divides	the	ablation	

area	into	a	lower	and	upper	part.	The	riegel	consists	of	metasedimertary	rock	that	are	resistant	

to	glacial	erosion	(Jansson,	1996).	The	riegel	affects	the	hydrological	systems	and	also	the	

dynamics	of	the	glacier	(Jansson,	1997).	The	water	can	only	enter	the	glacier	through	moulins	or	

crevasses	due	to	the	cold	surface	layer	which	can	be	found	around	the	equilibrium	line	(Jansson,	

1997)	and	at	the	riegel	near	the	middle	of	the	ablation	area	(Hanson	et	al.,	1998).		

Storglaciären	is	a	well	studied	valley.	Some	of	the	previous	studies	that	has	been	made	on	

Storglaciären	include	mass	balance	(Holmlund,1987),	bed	topography	(Eriksson	et	al.,	1993)	
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and	composition	(Brand	et	al.,	1987),	hydrology	(Hooke	et	al.,	1988;	Hock	and	Hooke,	1993),	

temperature	regime	(Hooke	et	al.	1983a,	Holmlund	and	Eriksson,	1989),	surface	deformation	

and	flow	(Jansson	and	Hooke,	1989;	Hanson	and	Hooke,	1994),	internal	deformation	(Hooke	et	

al.,	1992)	and	basal	till	formation	(Iverson	et	al,	1995,	Hansson	et	al.,	1998).		

																				
Figure	1	A	map	of	Storglaciären.	Station	14	is	situated	in	the	upper	part	of	the	ablation	area	and	

station	7	in	the	lower	part.	It	is	approximately	700	m	between	station	14	and	station	7.	The	riegel	

is	situated	at	the	dashed	lines	(Digitala	kartbiblioteket,	medgivande	I	2011/0100).	

	

2.2	ICE	FORMATION	

Snow	is	the	most	important	mass	input	to	a	glacier	through	direct	snowfall,	blown	snow	or	

avalanches	above	the	glacier	(Benn	and	Evans,	1998).	Snowflakes	tend	to	be	rounded	and	

broken	down	during	wind	drift.	During	deposition	and	packing	of	the	rounded	spherical	grains,	

they	become	attached	to	other	grains	and	air	bubbles	are	trapped	between	the	spherical	grains.	

This	densification	of	grains	continues	with	a	complex	interaction	of	sublimation,	internal	

deformation	of	grains	and	growth	of	new	grains	in	a	process	called	sintering	(Hooke,	1998).	The	

internal	deformation	becomes	of	greater	importance	as	the	pressure	increases	when	the	snow	

are	buried	deeper.	In	regions	with	warmer	temperatures	the	densification	accelerates	due	to	

that	meltwater	can	fill	the	air	pockets	and	refreeze	or	the	surface	tension	can	draw	grains	

together	because	a	water	film	forms	around	them	(Hooke,	1998).	If	the	accumulation	continues	

year	after	year	the	deepest	layers	will	transform	into	ice	when	the	air	filled	pores	is	closed	and	

forming	air	bubbles	reduced	and	enhance	in	density.	If	the	new	snow,	which	has	a	density	of	50‐	

200	kg	m‐3,	has	survived	one	melt	season	the	transformation	has	begun,	called	firn,	and	has	a	
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density	of	400‐800	kg	m‐3	(Paterson,	1994).	Depending	on	the	temperature	in	the	surroundings	

the	pore	close	off	can	be	from	tens	up	to	hundreds	of	meters	in	cold	environments	(Paterson,	

1994).		

The	definition	of	accumulation‐	and	ablation	area	is	based	on	the	amount	of	snow	that	

accumulates	and	how	much	melts	away.	It	the	difference	is	positive	i.e.	firn	remains	after	one	

year	it	is	the	accumulation	area	and	if	the	difference	is	negative	i.e.	snow	from	this	year	melts	

away	it	defines	the	ablation	area.		If	the	losses	exceed	the	inputs	on	the	glacier	it	will	retreat	and	

if	the	accumulation	is	greater	than	the	ablation	the	glacier	will	advance.		

In	most	valley	glaciers	the	ablation	will	decrease	upglacier	and	the	accumulation	decrease	

towards	the	terminus	creating	an	equilibrium	line	where	ablation	equals	the	accumulation	(Benn	

and	Evans,	1998).	In	mountain	glaciers	avalanches,	snow	blown	from	the	slopes	onto	the	glacier	

surface	can	be	of	great	importance	of	the	input	on	the	glacier	(Vivian,	1975).					

2.3	CHARACTERISTICS	OF	THERMAL	REGIME	OF	GLACIERS	

The	temperature	of	the	ice	results	from	three	sources;	the	surface,	the	internal	friction	and	the	

base	as	geothermal	heat	flux.	The	surface	heat	causes	from	conduction	with	an	influence	of	

radiation	from	the	atmosphere	or	by	release	of	latent	heat	when	water	refreezes	at	the	surface	

of	the	glacier	(Sugden	and	John,	1976).	Another	important	energy	source	is	meltwater	that	find	

ways	into	the	glacier.	Meltwater	can	be	a	few	degrees	warmer	than	ice	which	brings	energy	that	

could	warm	up	the	glacier.		Paterson	(1969)	stated	that	at	the	base	geothermal	heat	flows	from	

the	bed	into	the	glacier	at	an	average	of	60	W/m2	that	melts	approximately	6	mm	of	ice	at	its	

pressure	melting	point	every	year.	This	is	often	used	as	a	standard	of	constant	heat	source	for	all	

glaciers	but	it	varies	due	to	glaciers	location	and	geological	conditions	(Sugden	and	John,	1976).		

Paterson	(1969)	stated	that	the	fictional	heat	as	a	result	of	movement	within	the	ice	would	be	of	

the	same	order	of	magnitude	as	the	geothermal	heat	flux	in	the	case	of	a	surface	velocity	of	20	m.	

Frictional	heat	is	correlated	to	zones	with	high	deformation	such	as	the	basal	zone.			

Glaciers	are	often	defined	as	cold	(Sugden	and	John,	1976)	or	temperate	(Souchez	and	Lorrain,	

1991)	depending	on	the	air	temperature.	Temperate	ice	is	close	to	the	pressure	melting	point.		

Pressure	melting	point	means	that	the	temperature	at	which	ice	melts	is	not	constant	at	0°C	but	

decreases	as	the	ice	is	under	increasing	pressure	(Benn	and	Evans,	2005).	An	important	

characterization	of	temperate	ice	is	a	small	percentage	of	liquid	water	in	the	ice	matrix.	It	varies	

temporally	and	spatially	in	glaciers	but	is	usually	less	than	3%	and	the	maximum	liquid	water	

content	varies	from	glacier	to	glacier	(Aschwanden	and	Blatter,	2009).	Cold	ice	is	below	
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pressure	melting	point	and	forms	during	summer	where	there	is	little	or	no	surface	melting	in	

the	accumulation	area	(Sugden	and	John,	1976)	that	heats	up	the	firn	pack	due	to	release	of	

latent	heat	upon	freezing.	Or	is	formed	during	the	winter	when	cooling	of	the	upper	part	of	the	

ice	is	of	greater	than	that	can	be	warmed	in	the	summer	and	the	remaining	cold	layer	can	

survive	to	the	following	summer	(Souchez	and	Lorrain,	1991).		

The	accumulation	area	can	be	divided	into	different	zones	depending	on	temperature	regime	

and	the	meltwater	that	is	produced	at	the	surface.		Souchez	and	Lorrain	(1991)	stated	that	these	

different	zones	may	not	be	present	on	a	single	glacier	but	on	larger	ice	masses	several	zones	

maybe	present.		In	the	dry‐snow	zone,	snow	is	transformed	into	ice	by	densification	and	there	is	

no	meltwater	present	due	to	the	low	air	temperature.	In	the	percolation	zone	some	melting	is	

present	and	percolates	into	the	cold	snow	where	the	water	refreezes	and	forms	lens	structure	

and	densification	(Hooke,	1998).		In	the	wet‐snow	zone	the	entire	snow	pack	is	wet	due	to	its	

high	air	temperature	causing	substantial	melt	and	the	heat	up	by	the	percolating	water.	At	

greater	depth,	the	firn	can	be	saturated	with	water	and	if	the	underlying	ice	is	cold	the	saturated	

snow	can	refreeze	and	form	superimposed	ice	(Hooke,	1998).	At	the	end	of	the	melt	season,	if	

there	is	still	superimposed	ice	present	at	the	surface,	it	is	called	the	superimposed	ice	zone	and	it	

is	often	close	to	the	equilibrium	line	of	the	glacier	(Hooke,	1998).	Most	mountain	glaciers	just	

have	the	wet	snow	zone	to	the	ablation	area	(Benn	and	Evans,	1998).		

2.4	INTERNAL	STRESS	AND	DEFORMATION	OF	ICE		

2.4.1	Stress	

The	flow	of	glaciers	is	caused	by	stresses	(force	per	unit),	within	the	ice	mass	and	driven	by	

gravity.	The	stresses	can	be	divided	up	in	two	components;	the	hydrostatic	pressure	(normal	

stress)	and	shear	stress.	The	normal	stress	is	the	same	at	all	directions	at	the	one	point	on	the	

glacier	due	to	the	weight	of	the	overlying	ice.	Shear	stress	is	when	particles	slip	past	one	

another.	High	values	of	shear	stress	are	caused	by	steep	underlying	slope	and	thick	ice	and	it	is	

dependent	on	the	weight	of	the	overlying	ice.	The	shear	stress	can	be	expressed	in	the	form:		

																																														τ=	δ	g	h	sin	α	 	 	 (2.1)	

where	δ	is	the	density	of	the	ice,	g	is	the	acceleration	of	the	ice	due	to	gravity,	h	is	the	thickness	

of	the	ice	and	α	is	the	angle	of	the	sloping	plane	(Sugden	and	John,	1976	and	Benn	and	Evans,	

1998).	This	equation	is	a	simplified	to	fit	a	flat	surface	and	no	limits	on	the	side,	i.e.	no	boundary	

from	valley	sides.		
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With	a	varying	thickness	which	makes	the	velocity	fluctuate	over	different	parts	of	the	glacier	

can	create	a	longitudinal	coupling	between	the	significant	parts.	A	study	made	by	Jansson	(1997)	

show	that	a	bedrock	riegel	can	contribute	to	a	longitudinal	coupling	due	to	that	there	is	

acceleration	downstream	of	a	riegel	which	affects	a	large	area	upstream	of	the	riegel.	If	the	

scenario	was	reversed,	that	the	acceleration	was	dominant	in	the	upstream	of	the	riegel	the	

lower	part	do	not	get	affected	in	the	same	extent	as	the	upper	part.		

2.4.2	Strain		

Strain	is	the	change	in	size	and	shape	of	materials	due	to	stress.		All	material	will	be	exposed	to	

strain	when	placed	under	stress,	but	different	materials	have	different	strain	responses	to	stress.	

The	effect	of	strain	can	be	divided	into	two	types:	elastic	deformation	and	plastic	deformation.	

The	elastic	deformation	changes	shape	as	long	as	there	is	stress	upon	it,	once	the	stress	is	

removed	the	material	goes	back	to	its	original	form	(Benn	and	Evans,	1991).	Plastic	deformation	

is	when	the	stresses	cause	permanent	deformation	of	the	material.	A	perfect	plastic	material	

continues	to	deform	during	a	continuation	and	constant	stress.	In	non‐perfect	plastic	material	

like	ice	the	stress	has	to	increase	to	maintain	deformation	and	if	stress	is	reduced	the	

deformation	diminishes.	These	materials	are	called	viscous‐plastic	material.	If	the	deformation	

increases	at	the	same	rate	as	the	increase	in	stress	is	the	material	called	linear	viscous‐plastic	

material	otherwise	it	is	nonlinear	viscous‐plastic	material.	Ice	has	this	behavior	and	is	often	

called	risen‐plastic	material.			

In	glacier	flow	there	are	two	types	of	strain;	pure	shear	and	simple	shear.	Pure	shear	happens	

during	compressive	or	extensive	stresses	where	the	material	flattens	or	stretches.		Shear	strain	

is	deformation	that	resembles	a	deck	of	cards	when	the	side	of	the	deck	of	cards	becomes	a	

parallelogram	due	to	shear	stress	(Benn	and	Evans,	1991).		

2.4.3	Creep		

Deformation	occurs	through	movements	between	or	within	individual	ice	crystals	is	called	creep	

(Benn	and	Evans,	1998).	Creep	is	a	form	of	deformation	in	response	to	stress.		Movement	

between	crystals	creates	a	change	in	the	shape	or	size	by	recrystallization	at	grain	boundaries.	

Movements	within	the	crystals	occur	either	along	crystal	lattice	ice	defects	or	by	gliding	along	

the	weakness	of	the	molecular	planes	of	the	crystals	(Benn	and	Evans,	1998).		

The	creep	rate	of	ice	is	dependent	on	impurities	in	the	ice	like	gas	bubbles,	dissolved	ions	and	

solids	(Benn	and	Evans,	1998).	Nakamura	and	Jones	(1973)	stated	that	solutes	can	have	a	

varying	influence	on	the	ice;	some	is	able	to	soften	the	ice,	other	tending	to	harden	the	ice.	Hooke	
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(1973)	stated	that	gas	bubbles	often	soften	the	ice	because	it	creates	zones	of	weakness	in	the	

crystal	lattice.	The	rock	debris	is	also	causing	zones	of	weakness	in	the	crystal	matrix.	However	

different	researches	have	different	point	of	views	in	how	the	debris	affects	the	ice	deformation,	

some	suggest	that	the	strain	rates	increases	with	debris	while	others	suggest	a	decrease	

(Hubbard	and	Sharp,	1989).	Nickling	and	Bennett	(1984)	suggest	that	with	a	mix	of	ice	and	

debris	with	debris	content	up	to	75	per	cent	would	increase	the	internal	friction	and	the	

resistance	to	deformation.		This	contradict	Echelmeyer	and	Wang	(1987)	report	of	frozen	debris	

at	the	base	of	Urumqi	glacier	in	China,	with	a	debris	content	of	61‐79	per	cent	was	deforming	at	

100	times	faster	than	clean	ice	at	the	similar	stresses	and	temperature.	The	effect	of	debris	on	

ice	deformation	is	difficult	to	estimate	due	to	that	there	are	many	factors	involved	such	as	the	

effects	of	the	temperature	related	melting	around	particles,	grain	size	distribution	and	the	

orientation	of	the	debris	and	ice	crystals	(Benn	and	Evans,	1998).				

2.5	ICE	FLOW	

To	model	ice	flow	an	accurate	expression	is	needed	to	relate	strain	rate	and	shear	stress	in	ice.	

Glen’s	law	is	the	most	common	flow	law	which	is	named	after	John	W.	Glen	(Glen,	1955)	who	

experimented	on	uniaxial	compression	on	ice	(Hooke,	1998).	Glen’s	law	is	expressed	as:		

																																																																				 nA  				 	 (2.2)	

where	the	ε	is	the	effective	strain	rate	and	τ	the	effective	shear	stress,	A	and	n	are	constants.	The	

first	constant,	A,	decreases	as	the	temperature	of	the	ice	gets	lower	and	the	ice	deforms	less	

(Benn	and	Evans,	1998).	A	is	dependent	on	the	creep	of	the	ice	and	depends	on	a	number	of	

factors	such	as	temperature,	ice	fabric,	water	content	and	grain	boundary	structure.	The	second	

constant	n	can	vary	but	often	it	is	close	to	3	(Benn	and	Evans,	1998).	Because	the	strain	rate	is	

proportional	to	the	power	of	n	is	the	deformation	very	sensitive	to	changes	in	shear	stress	

(Sugden	and	John,	1976	and	Benn	and	Evans,	1998).	If	the	shear	stress	is	doubled	the	strain	rate	

increases	8	times	(Sugden	and	John,	1976).	Older	studies	that	have	experimented	with	a	lower	

number	on	n	at	low	stress	bur	are	questionable	because	the	experiment	did	not	last	long	

through	the	completion	of	creep.	However	a	study	by	Pimienta	and	Duval	(1987)	raised	the	

possibility	for	low	values	of	1	and	2	for	deformation	at	low	stress,	strain	and	temperature.	They	

said	that	under	these	conditions	the	grain‐boundary	migration	is	dominant	and	the	internal	

strain	is	small.	Problems	can	arise	while	applying	Glen’s	law	to	deformation	of	glacier	ice	if	there	

is	an	additional	stress	applied	to	the	glacier	such	as	longitudinal	flow,	if	ice	is	pushed	from	up	

flow	(Sugden	and	John,	1976).	Glen’s	flow	law	governs	the	large	flow	due	to	internal	

deformation	of	ice	sheets	and	glaciers	but	if	there	are	favorable	bed	conditions	basal	sliding	may	
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occur	and	contribute	to	the	motion.	The	proportion	of	how	much	the	motion	of	an	ice	sheets	

moves	is	due	to	internal	deformation	and	how	much	is	sliding	is	not	fully	solved	(Souchez	and	

Lorrain,	1991).		

Nye	(1951,	1952)	stated	that	the	thickness	of	an	ice	sheet	is	the	inverse	of	the	slope	of	a	general	

large	scale	glacier	at	some	point	and	the	basal	shear	stress	can	be	expressed	as:		

																																						τb=	δ	g	h	sin	α	 	 	 (2.3)	

When	this	equation	is	tested	in	field	it	indicates	that	the	mean	slope	calculated	over	the	distance	

of	a	magnitude	greater	than	the	ice	thickness	(Souchez	and	Lorrain,	1991).	The	surface	slope	of	

an	ice	sheet	at	a	shorter	distance	is	strongly	influenced	by	the	longitudinal	stress	(Paterson,	

1981	and	Souchez	and	Lorrain,	1991).	Souchez	and	Lorrain	(1991)	stated	that	this	standard	

basal	shear	stress	equation	implies	that	the	friction	on	the	bedrock	should	balance	the	

downslope	weight	of	the	overlying	ice.	This	is	not	always	the	case	because	in	some	regions	the	

downslope	weight	component	can	exceed	the	friction;	the	glacier	moves	faster	and	if	that	is	the	

case	the	ice	pulls	on	the	upstream	ice.	In	regions	where	friction	is	greater	than	the	downslope	

component	the	ice	mass	push	the	ice	downwards.	Paterson	(1981)	indicated	that	the	

longitudinal	stress	is	important	and	a	correction	term	should	be	added	to	equation	2.3.		

2.6	THE	ROLE	OF	GLACIAL	HYDROLOGY	IN	ICE	DYNAMICS		

The	subglacial	water	enters	the	glaciers	through	the	surface	and	the	glacier	surface	could	be	

divided	into	different	drainage	areas,	each	area	drained	a	specific	part	of	the	glacier	surface	and	

each	connected	to	a	proglacial	stream.	Moulins	and	crevasses	have	a	large	impact	on	glacier	due	

to	that	they	are	major	entrances	for	water.	Glacier	motion	is	inferred	by	the	characteristics	of	the	

contact	between	ice	and	underlying	bed.	Sliding	and	sediment	deformation	can	contribute	to	the	

total	glacier	motion	if	the	bed	is	composed	of	saturated	sediments	or	temperate	ice.	These	

processes	are	very	influenced	by	subglacial	hydraulic	conditions	and	drainages	system.	High	

subglacial	water	pressure	causes	to	both	decoupling	the	ice	from	the	bed	and	to	weaken	the	

basal	sediments	(Kavanaugh	and	Clarke,	2001).	Sliding	ca	also	occur	on	solid	bedrock	if	the	ice	is	

temperate.		In	early	season	the	drainage	systems	are	not	well	developed	but	as	the	summer	

progresses	the	conduit	system	could	be	compared	to	a	root	system	of	a	tree	(Jansson,	1996).	A	

valley	glacier,	like	Storglaciären,	can	be	divided	in	three	parts	based	on	hydrological	properties	

witch	alter	the	dynamical	behavior	of	the	glacier.	Firstly,	the	upper	part	of	the	ablation	area	is	

characterized	by	water	pressures	80‐100%	of	the	overburden	pressure	especially	if	a	

overdeepening	is	present.	Secondly,	the	lower	part	of	the	ablation	area,	where	the	ice	is	thinner,	
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is	characterized	by	water	pressure	varying	between	close	to	zero	and	overburden	pressure,	

depending	on	water	input	into	the	system.	Thirdly,	the	firn	area	is	not	well	investigated	but	has	

shown	locally	diurnal	velocity	changes	due	to	water	influx	into	the	bergschrund	and	crevasses	

connected	to	subglacial	hydrological	system	(Jansson,	1996).	Early	studies	suggested	that	the	

water	“lubricated”	the	ice	‐	bedrock	interface	and	if	the	amount	of	water	is	low	it	results	in	a	

decrease	in	lubrication.	Other	studies	show	that	water	pressure	is	another	important	

mechanism	that	affects	the	sliding	speed	(Brzozowski	et	al.,	1981).	

2.7	SPRING	EVENT	

Spring	events	are	a	change	within	the	glacier	system	during	the	winter‐spring	transition	(Rose	

et	al.,	2009)	and	often	is	a	common	feature	of	valley	glaciers	in	mid‐latitudes	(Mair	et	al.,	2003).		

It	is	a	period	of	dynamical	instability	in	the	glacier	due	to	that	the	glacier	undergoes	a	change	in	

the	hydrological	system	from	winter	to	summer	(Rose	et	al.,	2009).	Early	rainstorms	and/or	

high	melt	rates	affect	subglacial	drainage	system	which	has	closed	shut	during	winter	and	is	

poorly	developed	and	has	low	capacity	at	that	time	of	year	(Mair	et	al.,	2003).	This	instability	can	

last	for	a	few	hours	to	a	couple	of	days	which	is	called	a	spring	event	(Mair	et	al.,	2003).		In	the	

winter	season	the	glacier	undergoes	a	reduction	in	meltwater	input.	The	hydrological	system	

adapts	as	the	conduits	are	closing	and	velocities	become	minimum.	In	the	spring	large	sudden	

meltwater	inputs	can	occur	into	the	poorly	developed	winter	drainage	system	and	cause	high	

subglacial	water	pressures	within	the	subglacial	environment	and	create	a	driving	mechanism	

for	seasonal	changes	in	the	subglacial	drainage	system	(Rose	et	al.,	2009).	The	instability	occurs	

because	water	that	pressurize	cavities	or	void	behind	obstacles	at	the	bed	can	affect	the	sliding	

in	by;	firstly	the	down‐glacier	component	of	the	pressure	makes	the	driving	stress	increase	and	

cause	the	glacier	to	slide	and	secondly	the	pressure	causes	cavities	which	makes	the	ice	lose	

contact	with	the	bed	and	hence	reduce	the	contact	area	between	the	sole	and	the	bed	

(Brzozowski	et	al.,	1981).	Spring	events	are	often	associated	with	an	increase	in	surface	motion	

and	the	onset	of	reorganization	of	subglacial	drainage.	In	hydrological	terms	this	means	a	

reduction	in	basal	drag	and	an	increase	in	basal	sliding	and/or	basal	sediment	deformation	

(Mair	et	al.,	2003).	During	the	summer	a	dynamic	steady‐state	condition	forms	due	to	the	

subglacial	system	has	developed	and	is	more	efficient	to	let	meltwater	through.	Glacier	velocity	

is	elevated	in	comparison	with	the	winter	season	but	is	more	stable	because	of	the	efficient	

drainage	system	that	is	created	during	the	summer.	The	spring	is	an	important	and	interesting	

time	of	the	year	because	it	is	an	instable	phase	in	dynamics	and	a	change	between	the	winter	

and	summer	regime	(Rose	et	al.,	2009).	Seasonal	variations	has	been	observed	on	several	

glaciers	such	as	Brikedalsbreen	in	Norway	(Rose	et	al.,	2009),	Bench	Glacier	in	Alaska,	USA	
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(Macgregor	et	al.,	2005),	Worthington	Glacier	in	Alaska	(Harper	et	al.,	2002)	and	Storglaciären	

(Brzozowski	el	al.,	1981).		

2.8	DYNAMICAL	BEHAVIOR	OF	STORGLACIÄREN	

Jansson	(1996)	stated	that	the	drainage	system	on	Storglaciären	differs	from	the	upper	to	the	

lower	part	of	the	ablation	area.		Transverse	bedrock	alters	the	hydrology	and	dynamics	on	

Storglaciären	and	divides	the	ablation	area	into	the	upper	and	lower	part	(Jansson,	1997).		In	the	

upper	part	of	the	glacier	area	the	drainage	of	meltwater	is	slow	and	originating	from	the	firn	

area.	The	glacial	water	that	exit	in	Nordjokk	has	a	small	amount	of	suspended	sediments	and	this	

implies	that	most	of	the	water	has	not	been	in	contact	with	the	bed	and	suggest	that	the	motion	

travelled	mostly	englacial.	In	the	lower	ablation	area	downwards	from	the	riegel	water	drains	

rapidly	than	in	the	upper	part.	It	mostly	exits	to	Sydjokk	with	high	turbidity	and	it	is	rich	in	

sediment	which	implies	that	it	had	a	good	contact	with	the	bed.	Water	that	exit	at	terminus	often	

originates	from	moulins	though	subglacial	drainage	(Jansson,	1996).			

The	horizontal	surface	motion	can	have	diurnal	cycles	during	fair	weather	conditions.	In	the	

morning	the	glacier	accelerates	and	around	noon	the	motion	is	highest	due	to	a	subglacial	rise	of	

water‐pressure	due	to	increased	meltwater	input.		The	motion	is	then	reduced	when	the	

pressure	has	reached	its	peak,	depending	on	the	water‐pressure	cycle	(Hanson	et	al.,	1998).		

Causes	in	the	surface	tilt	of	the	glacier	has	been	observed	and	the	results	discussed	by	Jansson	

and	Hooke	(1989)	and	Jansson	(1993)	if	there	are	an	average,	not	extreme,	weather	conditions		

there	is	a	diurnal	uplift	in	center	of	the	glacier	and	upstream	from	the	riegel.		This	so	called	

“breathing”	is	a	signal	of	a	decrease	in	the	longitudinal	slope	and	an	increase	in	the	transverse	

slope	relative	to	the	tiltmeter.		The	maximum	uplift	is	approximately	around	noon	when	the	

temperature	is	highest	leading	to	more	melting,	larger	meltwater	input	to	the	subglacial	system	

which	will	induce	a	peak	in	the	water‐pressure.	An	explanation	to	this	can	be	that	the	ice	is	

pushed	from	up‐glacier	into	a	vertical	extension	either	by	longitudinal	compression	or	

transverse	compression	due	to	the	riegel	the	glacier	narrows	or	both	(Jansson,	1997	pp	171).	

Jansson	(1997)	shows	that	in	short	term	velocity	measurements	there	is	a	velocity	peak	in	the	

lower	ablation	area,	which	are	well	correlated	with	horizontal	strain	and	water‐pressure	peaks.	

This	shows	that	extending	strain	rates	peaks	precedes	the	water‐pressure	peaks	and	a	minor	lag	

between	temperature	and	tilt	is	not	unreasonable.	This	pattern	of	diurnal	“breathing”	can	be	

persistent	until	extreme	weather	conditions	such	as	rainstorms	which	can	contribute	to	a	

different	pattern.	The	occurrence	of	rainstorms	is	of	interest	due	to	it	changes	the	normal	tilt	

patterns	but	is	also	responsible	for	a	change	in	surface	velocity	(Hooke	and	others,	1989	and	
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Jansson	1997).	During	extreme	rainfalls	the	transverse	and	longitudinal	slope	is	steepened	

which	leads	to	higher	flow	and	an	extension	and	a	lowering	of	the	center	of	the	glacier	in	the	

riegel	area	(Jansson,	1997).		Field	data	collected	on	the	glacier	indicates	that	the	there	are	

different	flow	mechanisms	on	different	parts	of	the	glacier.	The	ice	motion	in	the	lower	ablation	

area	shows	a	correlation	with	water‐pressure	variations.	In	the	upper	part	of	the	ablation	area	

the	velocity	variations	occurs	without	changing	the	basal	water‐pressure.	This	can	be	explained	

by	longitudinal	coupling	in	the	glacier.	This	coupling	could	be	caused	by	that	the	lower	part	of	

the	glacier	accelerate	and	“pulls”	on	the	upper	part	or	involves	water‐pressure	changes	around	

the	equilibrium	line,	which	causes	acceleration	and	makes	the	upper	ablation	area	push	down‐

glacier.	The	longitudinal	coupling	is	partially	supported	by	the	field	data	(Jansson,	1997).	There	

are	large	velocity	changes	in	the	gradient	down‐wards	on	the	glacier	which	implies	that	there	

are	strong	gradients	in	stain	and	stress	along	the	riegel.	This	can	explain	the	large	difference	in	

flow	regime	from	up	to	down‐glacier	and	supports	pulling	by	longitudinal	coupling	across	the	

riegel	(Jansson,	1997).		

Hooke	and	others	(1989)	stated	(pp	240)	that	the	horizontal	velocities	show	an	increase	down	

glacier	over	the	season.	In	the	overdeepening	there	is	high	and	a	relatively	constant	subglacial	

water‐pressure	in	contrast	down‐glacier	where	larger	diurnal	variations	in	subglacial	water‐

pressure	occur.	It	can	be	explained	by	that	the	ice	is	thinner	down‐glacier	and	an	increase	in	

water‐pressure	and	close	to	the	overburden	pressure	which	in	turn	will	have	a	larger	influence	

on	the	velocity	(Hooke	et	al.,	1989).		

In	the	early	summer	there	is	rapid	acceleration	on	Storglaciären	which	is	shown	in	measured	

data	from	1987	(Jansson,	1995).	This	event	is	caused	by	the	temperature	rising	above	0°	for	a	

longer	period	causing	substantial	melt.	The	acceleration	is	likely	initiated	at	the	riegel	due	to	

that	the	snowpack	are	at	melting	point	throughout	this	time	and	the	presence	of	crevasses	

facilitates	water	routes	to	the	bed.	Water	input	from	the	equilibrium	line	is	unlikely	to	

contribute	to	the	acceleration	hence	the	snowpack	is	thicker	and	reaches	its	melting	point	much	

later	than	in	the	riegel	area.	This	acceleration	during	early	summer	indicates	a	spring	event.	The	

surface	velocity	decreases	as	the	melt	season	progress	when	daily	water	inputs	are	fairly	

constant	by	the	end	of	August.	On	a	short‐time	scale	variations	in	temperature	and	precipitation	

can	be	correlated	to	variations	in	velocity.	The	importance	of	temperature	peaks	to	produce	

velocity	peaks	decreases	during	the	season,	thus	precipitation	increases	since	the	hydrological	

system	has	evolved.	Water	pressure	remains	high	in	the	upper	part	of	the	ablation	area	

throughout	the	summer	resulting	in	the	basal	drag	remaining	low.	On	the	other	hand	the	lower	
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ablation	area	experience	water	pressure	variations	of	high	amplitude	and	is	expected	to	react	in	

response	to	these	variations.			

3	INTRODUCTION	TO	GPS	

To	determine	an	unknown	point’s	position	accurately	it	has	to	be	correlated	to	a	reference	point	

that	is	known.	In	triangulation	a	positions	can	be	determined	by	measuring	angles	from	an	end	

of	a	fixed	bases	line	or	a	known	point	rather	than	measure	the	distance	directly	to	the	point.	The	

point’s	location	can	be	calculated	as	the	third	point	in	a	triangle	with	one	known	side	and	two	

known	angels.	The	first	surveyor	that	used	triangulation	was	Snell	van	Royen;	he	measured	the	

interior	angles	of	a	series	of	triangles	that	were	interconnected	together	with	baselines	to	

determine	the	coordinates	of	long	distance	points.	Triangulation	on	ground	was	limited	by	the	

line	of	sight	and	surveyors	climbed	mountain	tops	to	set	up	survey	towers	to	enhance	the	view.	

When	satellites	were	launched	up	into	space,	a	more	global	optical	triangulation	was	

established.	In	the	beginning	the	technique	was	expensive	and	only	worked	when	there	were	

clear	weather	conditions.	The	method	that	was	used	involved	photographing	satellites	against	a	

star	background	and	the	images	showed	a	series	of	dots	of	depicting	each	stars	path	and	the	

same	with	the	satellites	path.	Then	if	the	same	satellite	being	photographed	in	a	neighboring	

place,	these	images	can	analogous	be	processed	and	give	another	set	of	spatial	directions.	These	

can	create	a	plane	containing	the	observations	points	and	the	satellites.	The	next	step	is	to	

construct	a	global	network	with	several	points	from	earth	correlated	with	the	oriented	

directions	from	the	satellites.	After	this	the	technique	was	enhanced	to	a	lower	cost	(Hoffman	et	

al,	2001).		

The	first	Global	Positioning	System	was	the	TRANSIT	system.	It	was	composed	by	six	satellites	

that	orbited	at	1100	km	high	in	an	orbital	course.	Its	primer	task	was	to	locate	aircrafts	and	

vessels.	The	idea	of	TRANSIT	was	brought	forward	just	days	after	Sputnik	was	launched	in	1957.	

Scientists	at	the	Johns	Hopkins	University	Applied	Physics	laboratory	(APL)	were	able	to	

determine	the	orbit	of	Sputnik	by	analyzing	the	radio	signals	of	the	Doppler	shift	during	a	single	

pass.	The	chairman	on	the	APL’s	research	center	took	it	one	step	further	and	suggested	that	the	

satellites	position	was	predictable	and	known	and	instead	the	unknown	position	on	Earth	could	

be	determined	by	Doppler	shift.	This	resulted	in	that	one	could	navigate	by	satellite	due	to	the	

Doppler	shift	could	be	used	to	locate	a	receiver	on	Earth	(http://sd‐www.jhuapl.edu/Transit/,	

2011‐12‐18).	The	Transit	Navigation	System	was	a	multiple	satellites	orbiting	the	polar	

radiation	two	frequencies	encoded	with	their	orbiting	parameters.	This	path	made	the	each	

satellite	to	continue	to	orbit	the	earth	so	that	navigation	receivers	could	determine	their	position	

approximately	once	every	hour	anywhere	on	Earth.	TRANSIT	was	developed	for	the	U.S	Navy	
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Polaris	submarines	(http://nssdc.gsfc.nasa.gov/nmc/spacecraftDisplay.do?id=1960‐003B,	

2011‐12‐18)	and	later	was	available	for	commercial	such	as	cruises	and	sporting	vessels.	It	

became	essential	and	a	standard	for	precision	of	locating	platforms	at	sea	and	land	surveying	

(http://techdigest.jhuapl.edu/TD/td1901/guier.pdf		2011‐12‐18).	1996	the	Transit	Navigation	

System	was	shut	down	after	serving	32	years	for	the	U.S	navy	(Link	2).	TRANSIT	was	not	

accurate	(±200	meters)	and	had	many	problems.	Two	examples	is	it	needed	a	long	time	to	

calculate	the	position	and	had	large	gap	in	time	coverage	due	to	it	only	had	six	satellites	orbiting	

the	Polar	Regions	which	lead	to	only	five	minutes	coverage	for	approximately	90	minutes.	The	

problems	with	TRANSIT	promoted	a	development	if	new	systems	in	early	1970’s,	which	could	

be	called	what	we	know	as	GPS.		

3.1	NAVIGATING	WITH	GPS	

GPS	is	composed	of	the	three	segments	such	as	satellites,	ground	stations	and	receivers.	In	the	

satellite	segment	there	is	at	least	24	satellites	orbiting	the	earth	which	21	operational	and	three	

is	spares.	For	a	satellite	to	orbit	the	earth	it	takes	approximately	12	hours	passing	by	the	exact	

same	position	every	24	hours.	The	configuration	of	the	satellites	is	there	to	ensure	that	any	

location	on	Earth	is	visible	from	at	least	six	satellites	unless	there	is	something	that	obstructs	the	

signal.	The	receiver	has	to	get	signals	from	at	least	four	satellites	to	get	accurate	point	of	

position.		

A	satellite	is	composed	of	three	pieces	of	hardware	a	computer,	an	atomic	clock	and	a	radio	

transmitter.	The	computer	controls	the	flight	and	process	signals.	The	atomic	clock	keeps	the	

accurate	time	within	nanoseconds	and	the	radio	transmitter	sends	signals	to	Earth.	GPS	

satellites	transmit	two	types	of	signals;	P‐code	and	C/A‐code.	Precision	code	is	difficult	to	spot	

due	to	that	it	uses	an	encrypted	form	of	data	that	only	a	specific	receiver	could	access	and	it	

provides	with	highly	precise	location.	Corse	Acquisition	is	the	signal	that	all	consumer	GPS	

receivers	use.	

The	control	segment	of	the	GPS	is	the	ground	station.	There	are	five	ground	stations	around	the	

earth	monitoring	the	satellites	and	the	information	collected	is	sent	to	a	master	control	station,	

the	Schriever	Air	Force	Base,	in	Colorado.	The	data	information	is	processed	to	determine	the	

satellites	timing	error	and	the	satellites	so	called	ephemeris.	The	ephemeris	is	a	list	of	predicted	

positions	of	astronomical	bodies	such	as	the	moon	and	planets.	It	is	complied	to	track	satellites	

positions	orbiting	the	earth.		The	satellites	receive	processed	data	once	a	day	on	a	daily	basis	to	

ensure	that	the	two	devices	are	in	sync.	The	master	control	station	can	control	the	satellites	due	

to	their	built	in	computer	to	ensure	they	stay	in	orbit.		
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In	theory	only	three	satellites	that	are	needed	to	get	a	signal	due	to	the	radius	of	the	satellites	

are	joined	in	one	point	where	the	receiver	is	located	(fig.	2).	A	fourth	satellite	is	needed	to	

account	for	the	receiver	clock	offset	(El‐Rabbany,	2002).	A	satellite	clock	has	an	error	of	8.64	to	

17.28	nanoseconds	per	day	which	corresponds	to	2.59	m	to	5.18m.	This	can	easily	be	calculated	

by	multiplying	with	the	speed	of	light.	The	receiver	clock	error	is	much	larger	than	the	satellite	

clock	error	(El‐Rabbany,	2002).	To	correct	the	satellite	clock	error	a	satellite	correction	can	be	

applied	in	the	navigation	message	and	the	receiver	clock	offset	is	treated	as	an	additional	

unknown	parameter	in	the	estimation	process	or	differencing	between	the	satellites.	The	total	

number	of	unknown	parameters	is	four:	one	for	the	correction	of	the	receiver	clock	error	and	

three	to	for	the	receiver	coordinates	(El‐Rabbany,	2002).		However,	this	can	lead	to	an	error	of	

several	nanoseconds	which	leads	to	a	range	error	of	a	few	meters.	An	inexpensive	crystal	clock	is	

often	uses	in	GPS	receivers	and	is	less	accurate	than	a	satellite	clock.	This	error	can	be	removed	

by	differencing	between	the	satellites	or	could	be	treated	as	an	unknown	parameter	in	the	

estimation	process.		

Another	part	of	GPS	accuracy	is	the	satellite	geometry,	which	means	how	the	satellites	are	seen	

by	the	receiver.	Good	satellite	geometry	is	obtained	by	the	better	spread	of	satellites	in	the	sky	

the	better	satellite	geometry.	By	combining	the	measurements	of	the	two	satellites	the	receiver	

is	located	at	the	intersected	area	between	them	can	be	seen	as	two	arcs	of	circles.	Each	circle	has	

a	radius	equal	to	the	receiver	satellite	distance	and	a	center	at	the	satellite.	An	uncertain	region	

on	both	sides	of	the	estimated	distance	will	be	present	and	the	further	apart	the	satellites	are	the	

smaller	the	uncertain	area	will	be	(El‐Rabbany,	2002).					

	

Figure	2	The	basics	of	GPS	positioning	system	(El‐Rabbany,	2002).			
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3.2	DIFFERENTIAL	GPS		

Differential	GPS	(DGPS)	is	based	on	a	base	station	that	is	stationary	at	a	known	point	and	a	

moving	rover	that	correlates	to	the	base	station.	As	the	base	station	is	located	at	a	known	point	it	

can	calculate	the	difference	between	the	position	it	determines	using	the	measured	

pseudoranges	(the	distance	between	the	receivers	antenna	and	the	satellite	antenna)	to	obtain	

the	errors	in	the	GPS	system.		These	corrections	are	transferred	to	the	rover	and	applied	to	

correct	the	position	given	by	the	rover.	The	corrected	pseudoranges	are	then	used	to	compute	

the	coordinates	of	the	rover	(El‐Rabbany,	2002).	A	hand‐held	GPS	is	expected	to	have	a	position	

not	more	than	10	after	200	meters	off	the	actual	position.	The	DGPS	reduces	the	errors	such	as	

clock	errors,	atmospheric	and	ionospheric	delays,	reflected	signal	and	so	forth	due	to	the	two	

receivers	log	their	position	simultaneously.	The	error	may	be	as	low	as	one	centimeter	off	the	

actual	position	depending	on	the	distance	between	the	receivers	and	measuring	time	(Rumor	et	

al,	1996).				

4	METHOD			

4.1	STORGLACIÄREN	APRIL	AND	JULY	

In April 2009 two DGPS stations were set up on Storglaciären to measure the motion of the glacier 

during the winter spring transition. The two stations were powered by car batteries and to secure the 

power of the batteries solar panels was installed to maintain them. Table 1 shows all the instruments 

that were used during the study.  
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Table 1 Instrumental description  

Amount  Equipment   Information  

2  

2 

Aluminum box 

Car battery  

                Eurobox of 550x350x380 mm  

                60 A/12V 

2  Solar panel                   25 W 

2  Voltage Regulator                  For the solar panel 

2   Plywood plank                  With bolts, metallic plates and nuts        

2   DGPS                 Trimble GNSS R7/GNSS with   

               Sephyr Geodetic2 antenna 

10   Stakes 

Rope 

               25 mm steel bars  

 

	

4.1.1	Preparations	and	installation	on	Storglaciären	

The	GPS	antenna	mounting	consist	of	three	poles	drilled	into	the	ice.	The	three	poles	were	joined	

by	a	surface	treated	plywood	sheet	sawn	into	a	triangular	shape.	The	bolt	for	the	antenna	fixture	

was	placed	in	the	middle	of	the	triangular	plate	(Fig	3).	The	GPS	and	batteries	were	placed	in	an	

aluminum	box	surrounded	by	Styrofoam	to	insulate	the	battery	and	GPS	from	the	cold	and	to	

make	it	secure	the	GPS	and	battery	in	the	box.	A	wooden	plank	was	placed	on	top	of	the	car	

battery	with	GPS	receiver	and	a	voltage	regulator	attached	to	the	plank.		
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Figure	3	Set	up	of	the	plywood	together	with	the	stakes.		

 

A	steam	drill	was	used	to	drill	holes	4	meters	into	the	glacier	in	order	to	put	down	the	aluminum	

poles	which	the	solar	panel	and	the	GPS	antenna	were	attached	to.	The	GPS	receiver	and	the	

voltage	regulator	were	assembled	with	the	car	battery	in	an	Aluminum	box	that	was	connected	

with	solar	panel	and	the	antenna.	The	solar	panels	were	attached	to	the	poles	and	station	14	was	

orientated	in	a	westerly	direction	while	station	7	was	orientated	in	a	more	south	westerly	

direction.	The	Aluminum	box	was	put	in	a	snow	pit	and	then	attached	to	one	of	the	solar	panel	

poles	with	a	rope	(fig.	4	and	5)	in	case	the	box	starts	to	drift	away	during	the	melt	season.		A	

power	‐up	file	was	installed	in	the	GPS	memory	to	ensure	that	the	GPS	would	automatically	start	

up	again	after	regaining	power	after	a	power	loss.	The	position	was	logged	every	second.	
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Figure	4	Station	14																																																																														Figure	5	Station	7			

Storglaciären	has	a	local	coordinate	system	used	for	mass	balance	measurements	with	positions	

starting	from	a	fixpoint	in	front	of	terminus.	The	first	station	was	set	up	in	the	upper	part	of	the	

ablation	area	and	was	called	station	14	due	to	that	it	was	located	200m	south	of	stake	14	along	

the	centerline	of	the	local	coordinate	system.	Installation	of	the	instruments	was	successful	and	

it	took	two	days	to	get	everything	in	order.	Station	7	was	located	at	stake	7	situated	in	the	lower	

part	of	the	ablation	area	and	during	the	installation	there	were	complications.	The	plug	in	the	

aluminum	box	that	goes	to	the	antenna	was	broken	as	there	was	no	contact.	The	solution	that	

was	made	was	that	the	original	cord	from	the	antenna	was	directly	connected	to	the	receiver	in	

the	box.	Through	a	small	hole	drilled	in	the	box	under	the	plug	so	the	antenna	cord	could	go	

directly	in	to	the	box	and	the	hole	was	covered	with	the	plug	and	tape	(fig.	6).	The	stations	were	

controlled	after	a	few	days	to	see	that	everything	was	functioning.	Station	14	was	functioning	

perfectly	and	was	logging	data	continuously.	Station	7	was	not	running	at	all	therefore	it	was	

restarted	and	left	to	log	data	during	the	spring/	summer.	In	July	the	two	GPS	stations	where	

dissembled.	Station	14	was	logging	perfectly	when	the	station	was	revisited.		Station	7	was	not	

functioning.		
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Figure	6	Error	in	equipment	at	station	7.		

4.2	PROCESSING	DATA	

To	process	data	from	station	7	and	14,	Trimble	Business	Center	(TBC)	version	1.12	and	

Mathworks	was	used.	All	the	raw	data	from	DGPS	was	processed	in	Trimble	Business	Center	

which	is	described	in	the	following	paragraph	(5.2.1).	The	processed	data	was	further	processed	

in	Matlab	where	different	filters	and	sub	sampling	were	tried	to	get	the	best	result	for	analyzing	

the	data	(5.2.2).		

4.2.1	Raw	GPS	data	processing		

	To	process	baselines	from	the	roving	DGPS	a	known	base	station	had	to	be	used	to	correlate	to	

the	rover.	In	this	study	we	used	the	Lantmäteriverket	SWEPOS	station	in	Kiruna	as	base	station.	

Base	station	data	was	downloaded	from	LMVs	FTP	site.	The	downloaded	data	was	converted	

from	Compressed	RINEX	to	RINEX	(Receiver‐Independent	Exchange	format).	Precise	ephemeris	

from	International	GPS	Service	(IGS)	Tracking	Network	was	downloaded	for	the	processor	to	

obtain	better	vector	baseline	solutions.		Baselines	were	processed	for	each	week	due	to	the	

amount	of	data	was	too	large	for	processing	all	weeks	in	one	instance.	All	data	were	then	

exported	with	Trajectory	(CSV)	file	exporter	as	a	text	file.		

4.2.2	Filtering	of	the	processed	data	

4.2.2.1	Different	filter	methods	

To	get	short‐term	variations	in	the	movement	on	Storglaciären	the	DGPS	logged	data	every	

second.	The	precision	in	GPS	technique	causes	the	data	to	become	noisy	and	filtering	is	needed.	

To	reduce	the	noise	I	have	tried	to	filter	the	data	with	three	different	methods;	moving	average,	

lowpass	and	resample	(fig.7).		Moving	average	is	a	running	window	where	the	centre	point	of	
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the	window	is	replaced	by	the	mean	of	the	whole	window.	Lowpass	filtering	calculates	the	

frequency	content	of	the	data	and	rejects	high	frequencies	and	keeps	the	low	frequencies.	

Resample	takes	a	given	number	and	makes	it	to	one	point	through	averaging;	the	larger	window	

generates	the	fewer	points	in	the	output.	

	

Figure	7	Station	14.	Raw	data	plotted	(blue)	together	with	lowpass	(red)	and	moving	average	

(green)	at	window	3600	Hz.	The	delta	motion	is	the	change	from	the	first	logged	position	and	

onwards.	Time	is	shown	as	hour	and	day.	

	

4.2.2.2	Filter	parameters		

Different	filter	parameters	can	be	used	to	suppress	the	noise	and	by	changing	the	parameter	it	

can	adjust	the	amount	of	noise	that	will	be	reduced.	A	test	of	different	filter	parameters	is	

needed	to	get	optimal	values.	A	test	was	conducted	with	filter	parameters	corresponding	to	

3600,	1800,	900,	600,	360,	240,	60,	30	Hz	on	the	whole	data	set.	In	figure	8	shows	the	data	set	

filtered	with	the	different	parameters	plotted	together	with	the	maximum	cumulative	distance.	

The	different	filter	parameters	give	different	cumulative	distance	due	to	that	lower	parameters	

have	a	lot	of	noise	and	therefore	do	not	show	the	true	cumulative	distance	which	higher	

parameters	do.	The	straight	red	line	in	figure	8	corresponds	to	the	linear	distance	between	the	

averages	position	of	the	first	and	the	last	day	in	the	whole	data	set.	Parameters	lower	than	2000	
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Hz	are	consistent	to	contain	a	lot	of	noise	and	are	not	used	in	this	study.	Parameters	from	2400	

and	higher	have	reversal	system	specific	high	frequency	noise	to	use	of	filtering	the	data	to	

reduce	high	frequency	noise	in	the	data.		

	

	

Figure	8	Different	windows	plotted	with	maximum	cumulative	distance	

4.2.3	Cumulative	distance	

The	cumulative	distance	is	useful	to	see	how	far	the	stations	have	moved	and	behaved	during	

the	study	period.	To	calculate	the	cumulative	distance	firstly	the	distance	between	individual	

points	were	calculated	with	the	formula	of;	

																																																										a	=	√∆X	2	+	∆Y2	 	 (4.1)	

where	∆X	and	x2	and	∆Y	is	different	between	two	consecutive	measurements	in	the	filtered	

coordinates	and	a	is	the	distance	between	the	two	measurements.	Second,	the	cumulative	

distance	was	calculated;		

																																																											
1

N

N k
k

d a


 		 	 (4.2)	

where	dN	is	the	cumulative	sum	of	the	first	N	terms.		
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4.2.4	Cross	correlations	

Statistical	signal	processing	tools	such	as	cross	correlation	is	a	useful	tool	to	analyze	the	

correlation	between	station	7	and	station	14.	Cross correlation was used to analyze the time lag 

between station 7 and station 14. The principle of cross correlation is to have two vectors, x and y 

during the same time period, and “slide” y relative x in time (positive values) to see how the 

correlation changes at different time offsets between x and y. After that it does the same to the left 

with the negative values. If both sets are the same the cross correlation is equivalent to the 

autocorrelation (Orfanidis, 1985). If the highest correlation is found at a positive offset means that x 

is in the lead and a negative value represents that y is ahead. The equation for cross correlation can 

be expressed as; 	

                                                                      ^                           
N‐ 1 – k   

                                                         Ryk (k) = 1/N      ∑      yn+k xn    (4.3) 

                                                                  n=0   

where N is the amount of samples and k is the unit of time. Xn and yn is the two vectors who are cross 

correlated (Orfanidis, 1985). Autocorrelation measure the influence of the sample xn on the sample 

xn+ k which positions in the future by k units of time. The time separation between k and the two 

samples is the lag (Orfanidis, 1985). 	

5	RESULTS				

5.1	MOVEMENTS	OF	STATIONS	

There	were	three	disruptions	in	the	data	set	for	station	14	due	to	that	the	battery	voltage	

became	too	low	and	when	the	battery	was	recharged	by	the	solar	panel	it	restarted	again.		The	

data	set	from	station	7	only	lasted	for	nine	days.	The	DGPS	at	station	7	lost	power	during	the	29th	

of	April	and	did	not	restart	for	the	whole	period	despite	the	power‐up	file	that	was	installed	in	

the	DGPS.	These	data	sets	of	both	stations	overlapped	for	five	days	(see	section	5.2).			
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Figure	9	Cumulative	distance	at	station	14	filtered	with	moving	average	at	3600.	Time	is	shown	as	

day	and	month.	

Figure	9	shows	the	general	trend	in	cumulative	distance	for	station	14	during	April	to	July	2009.	

The	cumulative	distance	is	how	much	the	stations	have	moved	during	the	period	DGPS	was	

active.	For	station	14	it	seems	to	have	moved	approximately	26	m	during	the	whole	study	

period.	The	first	acceleration	event	occurs	during	the	24th	of	April	during	a	few	hours	and	is	

shown	and	discussed	together	with	station	7	(fig.	10).	Three	other		acceleration	events	can	be	

seen;	the	second	from	late	the	12th	to	14th	of	May	(fig.	11)	and	the	third	from	21st	to	the	28th	of	

May	(fig.	12)	and	the	fourth	from	10th	to	21st	of	June	(fig.	13).	The	second	acceleration	event	

seems	to	start	late	the	12th	of	May	and	end	at	the	14th	which	can	be	seen	in	figure	11.	This	

acceleration	seems	to	have	happened	in	four	separate	steps,	it	starts	with	a	large	step	that	

occurs	during	a	few	hours	then	it	becomes	stable	for	approximately	24	hours.	At	the	end	of	the	

13th	the	next	large	step	last	for	a	few	hours	then	stabilize	and	two	smaller	steps	occur	until	the	

end	of	the	14th	of	May.	Acceleration	occurs	during	early	morning	and	during	the	14th	it	occurs	

during	midday	and	at	the	end	of	the	day.	The	trend	of	these	steps	seems	to	be	of	a	one	day	cycle	

and	the	lasting	of	the	steps	seems	to	fluctuate	during	the	day.			
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Figure	10	Comparison	of	the	cumulative	distance	at	station	7	and	station	14.	Filtered	with	lowpass	

with	a	cut‐off	frequency	of	18000	Hz.	The	redline	represents	station	14	and	blue	line	station	7,	

during	the	period	station	7	was	active.	Time	is	shown	as	day	and	month.		

	

Figure	11	Cumulative	distance	during	the	12th	to	the	14th	of	April	at	station	14,	filtered	with	moving	

average	at	3600.	Time	is	shown	as	day	and	month.	
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The	third	acceleration	event	has	four	steps	which	occur	irregularly	with	the	first	step	at	the	21st	

of	May;	the	second	occurs	at	the	23rd,	third	event	occurs	three	days	later	at	the	26th	and	last	one	

at	the	28th.	The	last	two	steps	are	somewhat	larger	than	the	first	two	(fig.	12).	The	three	first	

steps	occur	during	the	mornings	and	the	last	one	during	midnight	of	the	27th/28th.		

	

Figure	12	Cumulative	distance	from	the	22nd	to	28th	of	April.	Time	is	shown	as	day	and	month.	

Figure	13	shows	of	the	fourth	acceleration	event	during	the	period	of	11th	to	21st	of	June.		The	

graph	shows	stepped	movement	which	is	at	first	small	that	grows	to	larger	over	time.	The	

general	trend	of	these	steps	seems	to	be	in	a	cycle	of	approximately	one	day.	This	movement	

starts	at	the	11th	of	June	with	a	step	with	a	second	step	at	the	end	of	the	day.	The	next	step	is	

approximately	the	end	of	the	12th	of	June.	In	the	end	of	this	acceleration	event	it	seems	to	be	a	

two	day	cycle	until	the	movement	rate	gets	stable	again.	



27	

	

	

Figure	13	Cumulative	distance	from	the	8th	of	June	to	23rd	of	June	filtered	with	moving	average	at	

3600.	Time	is	shown	as	day	and	month.		

5.2	COMPARING	MOVEMENTS	AT	THE	TWO	STATIONS	

The	cumulative	distance	of	station	7	and	station	14	is	compared	in	figure	10.	These	are	filtered	

with	a	lowpass	filer	with	a	cut‐off	frequency	of	18	kHz	to	remove	noise.	The	top	line	(red)	

represents	station	14	and	lower	line	(blue)	station	7.	Both	stations	are	quite	constant	in	the	

movement	at	the	start	up	to	the	24th	of	April.	Station	14	starts	to	move	drastically	during	the	

morning	of	the	24th.	No	apparent	acceleration	at	station	7	occurred	when	station	14	accelerates.	

The	speed‐up	event	at	station	14	the	24th	of	April	lasted	for	approximately	five	and	a	half	hours.		

However	station	7	has	a	smaller	acceleration	approximately	a	half	day	later.	Figure	14	shows	the	

velocities	at	both	stations	and	station	14	peaks	at	~0.63	m	d‐1.	The	peak	at	station	7	goes	up	to	

~0.31	m	which	is	half	of	the	magnitude	of	station	14.		

Comparing	the	two	curves	in	figure	14	indicate	that	there	might	be	a	lag	between	station	7	and	

14,	and	that	the	lag	seems	to	shift	around	the	speed‐up	event	on	the	24th	of	April	at	station	14.	

To	investigate	the	lag	between	station	7	and	14	three	cross‐correlation	analyses	were	made;	the	

first	from	21st	midday	to	the	24th	at	4	am,	the	second	during	the	speed‐up	event	mentioned	

above	and	the	third	was	made	after	the	event	from	10.30	am	the	24th	to	26th	of	April.	Figure	15	A	

and	B	shows	the	cross‐correlation	for	the	first	period	and	there	is	a	good	correlation	of	

approximately	0.77	between	the	two	stations	with	a	lag	of	+17	min.	The	cross‐correlation	for	the	

second	period	was	approximately	0.78	between	the	two	stations	and	a	lag	of	‐20	min	(fig.	15	C	
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and	D).		A	positive	lag	it	means	that	station	14	is	reacting	first	in	comparison	to	station	7	and	a	

negative	lag	means	that	station	7	reacts	fist	in	comparison	to	station	14.		

	

	Figure	14		Velocity	at	station	7(blue)	and	Station	14	(red)	filtered	with	lowpass	at	18000	Hz.	Time	

is	shown	as	day	and	month.	

5.3	CHANGES	IN	DIRECTION	OF	MOVEMENT	

Storglaciären	is	oriented	in	a	west‐easterly	direction	and	it	moves	dominantly	along	the	x‐axis	in	

the	Swedish	grid	coordinate	system	that	is	used	when	processing	the	GPS	data.	Figure	16	shows	

a	spatial	view	of	the	unfiltered	movement	of	the	DGPS	at	station	14.	It	is	clear	that	the	DPGS	has	

not	been	moving	in	a	straight	line.	It	starts	to	move	in	a	south	easterly	direction	until	the	

beginning	of	June	when	the	movement	changes	to	a	more	easterly	direction	or	even	north‐

easterly.	This	change	occurs	during	the	acceleration,	around	the	16th	of	June.			
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Figure	15	Correlation	between	station	7	and	14	during	the	21st	to	the	24th	of	April.	A	21st	to	24th,	

shows	the	full	correlation	and	B	is	a	zoomed	plot	of	the	top	of	the	curve	from	A,	C	24th	to	26th	show	

the	full	correlation	and	D	is	a	zoomed	plot	of	the	top	of	the	curve	from	C.	
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Figure	16	Map	of	movement	at	station	14	filtered	with	resample	at	360	Hz.	The	delta	motion	is	the	

change	from	the	first	logged	position	and	onwards.		

	

Figure	17	A:	Velocity	(blue)	and	cumulative	distance	(green)	is	filtered	with	lowpass	at	18000	Hz.	

B:	Velocity	and	the	cumulative	distance	(cdist)	during	22nd	to	26th	of	April	filtered	with	lowpass	

at	18000	Hz.	Time	is	shown	as	day	and	month.	
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5.4	METEOROLOGICAL	DATA		

Meteorological	data	such	as	precipitation	and	temperature,	was	taken	from	the	weather	station	

at	Tarfala	research	station	and	it	is	shown	in	figure	18	A	and	B.	The	weather	data	was	compared	

with	the	movements	of	the	DGPS	stations.	There	are	three	gaps	in	the	data	set	in	figure	18	C	

which	is	shown	with	thin	green	lines.	The	first	gap	is	shown	as	a	linear	straight	line	between	26th	

of	April	to	4th	of	June,	the	second	gap	18th	to	20th	of	May	and	the	third	gap	from	the	24th	of	June	to	

1st	of	July.		

	It	appears	that	precipitation	does	not	always	occur	at	the	same	time	Storglaciären	is	

accelerating	(figure	18	B	and	C)	but	seems	to	correlate	with	temperature	better.	During	the	first	

acceleration	event	in	April	there	is	a	small	amount	of	precipitation	and	the	temperature	is	

around	0°.	During	the	second	acceleration	event	there	is	no	precipitation	at	all	and	the	

temperature	is	just	rising	above	melting.		After	this	event	the	temperature	was	above	zero	for	13	

days	and	the	third	acceleration	event	happened	the	last	seven	of	those	days.	The	first	velocity	

peaks	at	the	third	event	occur	at	the	same	time	as	some	precipitation	(fig	18	B	and	C).	The	last	

two	peaks	are	mostly	correlated	to	an	increase	in	temperature.	The	fourth	acceleration	event	is	

interacted	with	both	temperature	and	precipitation.	The	first	peak	corresponds	to	rising	

temperature;	the	peaks	in	the	middle	correspond	mostly	to	precipitation	and	the	last	three	

peaks	correlates	to	the	temperature.	There	is	a	dip	in	the	temperature	after	the	16th	of	June	at	

the	same	time	the	velocity	decrease	to	a	minimum	and	rises	together	with	the	temperature	in	

the	two	last	peaks	in	the	fourth	acceleration	event.				
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Figure	18	Temperature	(2009),	precipitation	(2009)	and	velocity	data	from	station	14	filtered	with	

lowpass	at	18000.	The	four	boxes	show	the	four	acceleration	events	that	occurred	during	the	

study.	A	showing	the	temperature,	B	the	precipitation	and	C	the	velocity.	Time	is	shown	as	day	and	

month.	

6	DISCUSSION		

It	is	possible	that	the	observed	speed‐up	events	that	are	detected	in	this	study	may	have	been	

caused	by	the	unfavorable	configuration	of	the	GPS	satellites	in	relation	to	the	stations.	

Storglaciären	is	located	in	narrow	valley	with	high	surrounding	mountains	that	has	a	north‐east	

orientation	which	can	lead	to	a	poor	triangulation	with	the	satellites.	This	could	reduce	the	

accuracy	of	the	data	and	in	turn	produce	acceleration	events.	If	the	configuration	of	the	GPS	

satellites	would	be	the	cause	to	these	acceleration	events	the	effect	should	be	nearly	synchronic	

for	both	stations	due	to	that	the	stations	are	close	to	each	other.	However,	this	is	not	observed	
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and	over	the	overlapping	time	frame	data	from	both	stations	was	collected	shows	only	a	speed‐

up	event	at	one	station.		I	conclude	that	these	speed‐up	events	are	not	caused	by	bad	

triangulation	and	the	observed	speed‐up	events	is	actually	fluctuation	in	movements	of	

Storglaciären.		

6.1	LAG	BETWEEN	STATION	7	AND	14	

The	24th	of	April	at	4.30	am	station	14	starts	to	increase	in	velocity	and	reaches	the	largest	

magnitude	after	five	hours.	Approximately	a	day	later	station	7	peaks	in	velocity,	which	is	the	

largest	magnitude	for	station	7	in	April.	It	seems	to	be	a	lag	between	station	7	and	station	14	if	

figure	10	is	studied	closely.	And	in	the	cross‐	correlation	analysis	between	station	7	and	14	it	

was	a	clear	correlation	with	a	lag	between	them.	Before	the	speed‐up	event	the	lag	was	

approximately	+	17	min	and	after	approximately	–	20	min,	which	means	that	before	the	

acceleration	event	station	14	reacted	before	station	7	and	the	opposite	after	the	acceleration.		

The	results	shows	that	station	14	reacts	first	before	station	7	which	may	seem	to	be	a	bit	odd	as	

the	en‐	and	subglacial	hydrological	system	should	be	better	developed	in	the	lower	part	of	the	

glacier	in	the	early	season	than	in	the	upper	part	and	should	react	faster.	One	explanation	can	be	

that	station	14	is	situated	in	the	overdeepening	area	on	Storglaciären.	In	the	overdeepening	

subglacial	water	pressure	is	higher	than	at	station	7.	Below	the	riegel	the	water	pressure	

fluctuates	diurnally	unlike	in	the	overdeepening	where	the	pressure	is	rather	constant	(Hooke	et	

al.,	1989).	Hooke	and	others	(1989)	stated	that	the	horizontal	velocities	show	an	increase	in	

distance	down‐glacier	and	that	this	difference	in	velocity	gets	larger	as	the	season	progress.	The	

ice	thickness	decreases	down‐glacier	and	this	can	be	a	contributing	factor	to	the	velocity.	With	a	

decrease	in	ice	thickness,	a	given	increase	in	water	pressure	will	be	a	larger	fraction	of	the	

overburden	pressure	and	therefore	will	have	a	greater	influence	on	the	velocity	(Hooke	et	al.,	

1989).	Often	early	in	the	season	the	water‐pressure	in	the	overdeepening	is	close	to	the	ice‐

overburden	pressure	and	tends	to	fall	as	the	melt	season	progress	(Hooke	and	Pohjola,	1994).		

After	the	speed‐up	event	station	7	seem	to	react	faster	than	station	14.	This	could	mean	that	the	

hydrological	system	in	the	glacier	has	opened	up	in	the	lower	parts	of	the	ablation	area,	which	

can	make	station	7	to	react	faster	to	changes	in	water	input	to	the	hydrological	system.	As	the	

overlap	in	measurements	of	the	two	stations	is	limited	in	time	we	do	not	know	if	this	shift	in	

dynamics	is	persistent	over	time	but	in	previous	studies	such	as	Jansson	(1995)	and	Hooke	et	al.	

(1989)	states	that	water	pressure	changes	between	the	overdeepening	and	the	area	below	are	

more	a	seasonally	character	rather	than	one	single	event.		
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The	interpretation	of	this	short	period	would	be	that	it	appears	that	station	14	starts	to	push	on	

the	lower	part.	Then	the	speed‐up	event	occurs	and	station	7	starts	to	react	first	and	pull	on	the	

upper	part	were	station	14	is	situated	this	showing	a	longitudinal	coupling.	In	addition,	there	is	

clear	lag	between	these	stations	before	and	after	the	speed‐up	event.	However,	the	stations	can	

only	be	compared	for	five	and	a	half	day	which	makes	it	difficult	to	see	a	general	trend.		

6.2	SPRING	EVENT	

In	spring	and	summer	of	2009	there	were	four	acceleration	events	on	Storglaciären.	It	seems	

that	during	these	speed‐up	events	occur	irregularly	in	time	also	the	velocity	drops	down	to	the	

same	levels	as	before	the	acceleration	event	(Fig.	14).	The	first	acceleration	occur	during	early	

morning,	the	second	during	midday,	the	third	speed‐up	event	have	several	steps	with	the	first	

occurring	during	early	morning	and	the	last	during	the	late	evening	and	the	fourth	occurs	at	the	

end	of	the	day	(fig.	9).	The	forth	acceleration	event	is	much	more	prolonged	and	spans	nine	days.	

At	the	end	of	this	period,	around	the	15th	to	20th	of	June,	the	velocity	has	slightly	higher	levels	

than	in	the	beginning	of	the	event.	It	is	unclear	if	these	accelerations	can	be	interpreted	as	a	

spring	event	because	these	are	several	events	that	occur	during	a	longer	period.	The	usual	

definition	of	a	spring	event	is	that	it	occurs	during	a	few	hours	to	a	day	and	velocity	on	the	

glacier	should	have	a	higher	velocity	after	an	event.		

One	interpretation	could	be	that	the	first	acceleration	event	in	April	when	it	lasted	for	5	hours	or	

the	event	in	early	June	was	a	pseudo	spring	event,	when	the	two	stations	seems	to	change	lag	in	

the	longitudinal	coupling	or	the	glacier	changes	it’s	movement	direction	but	the	velocity	does	

not	seem	to	be	at	higher	levels	after,	as	it	should	be	after	a	spring	event.		

In	a	study	made	by	Harper	et	al.	(2005),	on	Bench	glacier	in	Alaska	show	a	similar	increase	in	

horizontal	cumulative	distance	and	velocity	as	our	study	(fig.	19).	However,	Harper	et	al	(2005)	

have	a	clearer	velocity	increase	after	the	event	and	the	glacier	velocities	increased	from	of	0.03	

m	d–1	to	0.17	m	d–1	during	an	acceleration	event	and	to	0.25	m	d–1	during	the	second	acceleration	

event	(fig.	19).		
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Figure	19	Results	from	Harper	et	al	(2005).	A)	Show	the	velocity	and	b)	shows	the	horizontal	

distance.	

This	is	different	to	what	I	observe	on	Storglaciären	were	the	velocity	is	just	slightly	higher	after	

several	acceleration	events.	One	interpretation	is	that	the	spring	event	happens	under	a	longer	

period	of	time	when	the	air	temperature	fluctuated	around	the	melting	point	on	Storglaciären	

causing	fluctuations	in	input	of	melt‐water	in	the	hydrological	system	and	variations	in	the	

velocity.	There	may	be	a	winter/spring	transition	character	rather	than	a	single	event	during	

this	year.	A	study	made	by	Mair	et	al.	(2003)	showed	that	two	speed‐up	events	occurred	during	

June	in	1999	which	lasted	for	several	days	could	be	attributed	to	a	spring	event.	This	is	similar	to	

the	events	that	I	observed	in	May	and	June	on	Storglaciären.		

6.3	COUPLING	WITH	VELOCITY	AND	METEOROLOGICAL	DATA		

The	velocity	peaks	coincide	often	when	the	temperature	is	above	0°	C.	There	seem	to	be	a	lag	in	

the	beginning	of	the	season	in	April	to	middle	of	May	of	12	days	when	the	temperature	rises;	the	

velocity	does	not	respond	directly	(fig.18).	There	is	no	or	low	precipitation	during	this	time	

when	the	acceleration	occurs	which	suggests	that	it	is	mostly	connected	to	the	temperature	and	

melting.	The	system	do	not	respond	exactly	when	there	are	external	changes	suggesting	that	in	

the	beginning	of	the	spring	there	is	no	well	developed	englacial	and	subglacial	hydrological	

system.	On	the	surface	it	takes	longer	for	the	meltwater	to	reach	into	the	glacier	due	to	moulins	

have	not	been	fully	formed	this	time	of	year.	Also	in	spring	the	snow	cover	absorbs	the	

precipitation	and	suppresses	the	amount	of	rainwater	to	enter	the	hydrological	system.	There	is	

a	trend	that	the	system	is	responding	faster	in	each	acceleration	event	as	the	season	progresses.	

Later	during	the	season	if	the	poorly	englacial	system	can	open	up	and	a	larger	amount	of	water	

can	reach	the	glacier	bed	which	makes	it	glide.	The	system	is	now	more	sensitive	to	external	

changes	and	Storglaciären	reacts	directly	with	diurnal	changes	as	can	be	seen	in	figure	18.		
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In	previous	study	made	by	Jansson	(1995)	showed	that	during	the	summer	the	relative	

importance	of	precipitation	increases	to	affect	the	drainage	system	more	than	temperature.	As	

the	drainage	system	gets	more	efficient	the	drainage	system	adapts	to	an	effective	input	rate	by	

average	meteorological	conditions.	Peaks	in	melt	results	only	in	a	modest	increase	input	over	

the	mean	daily	rate	whereas	precipitation	may	produce	a	larger	increase	due	to	large	rainfalls.		

In	this	study	the	temperature	fluctuates	during	June	and	July,	it	is	mostly	above	0°C	but	

occasionally	it	drops	below	freezing	point.	When	the	temperature	drops	it	affects	the	velocity	on	

the	glacier,	which	might	explain	why	fluctuation	velocities	are	observed.	There	seems	to	be	

approximately	the	same	delayed	response	time	(twelve	days)	due	to	meltwater	input	for	the	

first	two	events	in	early	spring	according	to	my	measurements.	During	the	third	and	fourth	

event	the	glacier	reacts	more	instantaneously.	This	transition	might	be	caused	by	the	

hydrological	system	might	have	evolved	to	the	extent	that	the	ice	motion	responds	directly	on	

external	changes	in	melt	water	production.	Unfortunately,	there	is	missing	data	in	my	

measurements	during	this	transition	and	are	not	able	to	follow	the	glacier	motion	changes.	

However	this	period	seems	to	be	critical	since	there	the	first	longer	period	of	temperature	above	

0°C	occur	which	may	make	the	snowpack	isothermal	and	produce	surface	melt	water	(Harper	et	

al.	2005).	The	magnitude	and	timing	of	the	spring	velocity	peaks	may	not	occur	at	the	same	

period	from	year	to	year	and	the	meteorological	condition	that	drives	water	input	to	the	glacier	

system	changes	every	year	(Harper	et	al.,	2002).			

6.4	CHANGE	IN	DIRECTION	

Figure	16	shows	that	the	movement	of	the	DGPS	at	station	14	changes	direction,	after	the	

acceleration	event,	21st	to	28th	of	May.		This	change	of	direction	could	be	a	result	of	that	the	

subglacial	hydrological	system	has	gone	through	a	transformation	as	the	melting	season	starts,	

which	likely		will	result	in	a	adaptation	in	the	ice	dynamics	of	the	glacier.	This	is	supported	by	a	

clear	speed‐up	event	during	this	time.	However,	the	velocity	drops	down	to	the	same	levels	as	

before	the	speed‐up	event.		

6.5	CAUSES	OF	FAILURE	OF	STATIONS				

Station	7	was	only	functioning	for	9	days	until	it	shut	down.	There	were	no	physical	damage	in	

the	box	and	the	GPS	restarted	when	the	power	button	was	pressed.	Three	possible	ways	can	

explain	this	shut	down.	Firstly,	there	were	complications	during	the	set	up	of	the	station	where	

the	extension	cord	was	broken	and	a	special	solution	for	the	cable	was	needed.	This	can	lead	do	

several	different	other	problems	such	as	moisture	coming	into	the	box	causing	creep	current	

between	the	battery	poles	lowering	the	battery	capacity.	Secondly	there	may	have	been	a	
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malfunction	in	the	software	which	made	the	power‐up	file	to	not	restart	the	station	again.	

Thirdly,	the	solar	panel	did	not	get	as	much	solar	energy	to	recharge	the	battery	due	to	that	the	

solar	panel	was	oriented	in	the	wrong	direction	and	did	not	get	enough	solar	energy	to	recharge.	

This	can	be	an	explanation	due	to	that	station	14	restarted	after	several	power	downs.	Probably	

it	can	be	a	combination	between	all	three	explanations	but	a	combination	of	the	second	and	

third	explanation	may	be	the	most	likely	explanation	to	the	shutdown	of	the	station.		

	For	station	14	the	record	temporarily	ended	three	times	during	the	whole	study	period.	This	

may	be	due	to	malfunctioning	in	the	instruments	but	the	probable	explanation	is	that	the	battery	

lost	power	and	there	were	not	enough	sun	to	power	it	up	as	fast	as	expected.	The	length	of	the	

data	gaps	varied	(fig.	9),	the	second	gap	was	the	shortest,	from	18th	to	20th	of	May.	One	

speculation	is	that	during	this	period	the	weather	conditions	changed	from	cloudy	to	clear	sky	

and	made	the	solar	panel	to	charge	the	battery.	The	first	largest	gap,	26th	of	April	until	4th	of	

June,	there	were	a	lot	of	precipitation	and	the	weather	station	at	Tarfala	Research	station	

indicated	cloudy	conditions.	This	can	be	interpreted	that	there	were	less	solar	radiation	present	

and	when	it	ended	there	were	a	few	days	when	there	was	no	precipitation	and	the	DGPS	started	

again	(fig.	18).		

6.	5	IMPROVEMENT	OF	STUDY		

This	study	could	be	improved	by	adding	water	pressure	measurement,	discharge	of	Nordjåkk	

and	Sydjåkk	as	a	measure	of	melt	rates	but	also	to	get	the	two	DGPS	to	work	through	the	whole	

study	period.	It	would	be	interesting	to	expand	the	study	period	from	winter	until	the	end	of	the	

summer	to	see	the	variations	more	clearly.	It	would	also	be	interesting	if	this	study	could	be	

done	during	several	years	in	a	row	to	compare	inter‐annual	changes	and	get	better	statistical	

estimates	as	the	spring	event	is	influenced	strongly	by	melt	conditions	during	individual	years.		
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7	CONCLUSION		

There	were	four	accelerations	during	the	study	period	at	station	14:		

1. Acceleration	during	the	14th	of	April	which	lasted	from	4.30‐10.30	am.		

2. Acceleration	from	13th	to	15th	of	May.	Ongoing	for	approximately	three	days.		

3. Acceleration	from	21st	to	28th	of	May.	Ongoing	for	approximately	seven	days.		

4. Acceleration	from	11th	and	stops	at	the	20th	of	June.	Ongoing	approximately	nine	

days.	

The	acceleration	events	seem	to	be	well	correlated	with	temperature	and	precipitation.	There	is	

a	certain	lag	in	response	time	when	the	glacier	starts	to	accelerate	after	a	raise	in	temperature	or	

precipitation	but	the	lag	time	diminishes	towards	the	end	of	the	study	period.	This	suggest	that	

the	hydrological	system	in	the	glacier	has	evolved	at	the	end	of	the	study	period	which	makes	it	

capable	to	handle	higher	amount	of	meltwater	in	the	system,	and	then	the	glacier	motion	reacts	

directly	to	external	changes	such	as	temperature	and	precipitation.		

The	glacier	motion	seems	to	be	very	sensitive	to	temperature	changes	and	hence	meltwater	

changes	during	the	study	period	the	temperature	fluctuates	during	the	summer.	This	can	explain	

why	there	is	difficult	to	detect	a	clear	spring	event	on	Storglaciären	due	to	the	fluctuating	

temperature	around	melting	point	during	spring/summer	transition.	If	the	temperature	would	

more	clearly	become	positive	during	the	spring/summer	over	a	short	time	period	it	may	have	

caused	a	more	pronounced	spring	event	as	observed	by	other	studies	rather	than	the	fluctuation	

we	see	in	this	study.		The	conclusion	is	that	with	a	fluctuating	climate	during	the	spring	months,	

the	velocity	will	fluctuate	as	well	and	there	will	be	harder	to	see	a	spring	event.		

There	is	a	clear	lag	in	motion	between	station	7	and	station	14.	In	the	start	of	the	measured	

period,	station	14	reacted	before	station	7,	which	concludes	that	it	is	pushed	down	the	lower	

ablation	area.	The	acceleration	event	on	the	24th	of	April,	station	7,	started	to	react	before	station	

14.	This	indicates	a	longitudinal	link	between	the	upper	and	lower	ablation	area.	It	is	difficult	to	

draw	a	conclusion	if	there	is	a	change	in	the	regime	of	the	longitudinal	coupling	between	the	

upper	and	the	lower	ablation	area	due	to	the	short	lived	period	of	station	7.		
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