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Chapter 1

Introduction

Glacier velocity has traditionally been measured by placing stakes in the
glacier surface, in a grid formation, and monitoring their displacement at
regular intervals with field surveys. Such a grid, or stake net, has been main-
tained on Storglaciaren in the Kebnekaise area of Northern Sweden for many
years. In recent years field surveys of stakes have been made easier and more
accurate by the invention of global positioning systems (GPS). This report
presents results of GPS surveys of the velocity stake net of Storglacidren
carried out during the summer and early fall of 2000. The measurements
were performed as part of the EU Glaciology Lab5 held at Tarfala Research
Station.



Chapter 2

Theory

2.1 Glacier Velocity

Glacier velocity, how fast and in which direction the ice flows, is a function
of several factors. Driving stresses (controlled by ice thickness, surface slope
and the influence of gravity), the viscosity of the ice (related to the ice
temperature), and the nature of the bed over which it flows and the ice/bed
coupling mechanisms, all interact to control the rate of ice flow. Different ice
characteristics, basal sediments and bed topography will combine to produce
widely varying ice speeds, from several metres a day where a lubricated base
enables basal sliding, to millimetres a day where the bed is frozen and motion
is restricted to internal deformation and ice creep.

Measurements of glacier velocity thus yield important information about
the dynamics of an ice mass. Changes in speed may indicate changes in
basal characteristics, ice temperature or thickness and are an important part
of glacier monitoring. For surveys, velocity stakes are placed in the glacier
surface to a depth of approx. 5 m. An additional 1 m must protrude above the
surface so that the stake remains visible even after heavy snowfall. The stakes
are surveyed at regular intervals and the displacement from their original
positions is used to calculate the direction and magnitude of the surface ice
movement.

2.2 Global Positioning Systems (GPS)

In order to accurately determine our position, we need some kind of reference
point(s). At the beginning of navigation, such points were usually prominent
features of the landscape: mountain tops, trees and so on. The main draw-
back of such points is that you have to be familiar with the area in order to



locate a reference point. This problem has been avoided by celestial navi-
gation, by using the Sun, the Moon and stars as points of reference. Since
the relative position of stars and their geometrical arrangement look different
from different locations, one could estimate one’s position and the direction
one has to take.

Since only the angle between different stars can be measured and not
the distance to them, there is still a lot of triangulation geometry to be
done before one can determine one’s position. The more serious drawback,
however, is that this approach only works if you have good visibility.

In the middle of last century people started to use radio signals to de-
termine distances. At first, land based transmitters were used, but this did
not yield sufficient coverage. Only with the use of satellite-based navigation
systems, did the coverage come close to global ([1]).

The idea behind GPS is simple, the travel time of a radio signal is mea-
sured and can then be converted into physical distance using the speed of
the radio signal. The speed of the radio signal is known with a relatively
high accuracy. With simultaneous signals from at least 5 satellites of known
locations, the accurate position of the receiver in three dimensions can be
calculated.

2.3 Differential Global Positioning Systems
(DGPS)

With the GPS method the position can be determined with an accuracy of
several meters. This is usually accurate enough for recreational navigation,
but for certain applications higher order accuracy is needed. A method to
achieve this is differential mode GPS. Two receivers are needed within a
reasonable distance and the position of one must be known accurately from
other sources. The errors due to the satellite clock, the satellite orbit, and
the ionosphere then affect both receivers the same way and with the same
magnitude. If the exact position of one receiver is known, that information
can be used to calculate errors in the measurements and report these to
the other receiver, so that it can compensate for them ([!]). Under normal
conditions, the accuracy of DGPS measurements under is in the order of
millimeters.



Chapter 3

Measurements

3.1 Equipment

The measurements were performed using two Javad GPS-systems, each con-
sisting of a receiver (Legacy) and an external antenna (Legant). The systems
were powered by external batteries (12 V in both cases). One system was
set up at the Enqvist-Stenen as a temporary base. After the measurements,
it was tied in to the fixed base station at the Forskershuset with its known
position. The other system was used as a rover on the glacier.

3.2 Velocity Stake Surveys

The rover GPS (reciever, antenna and batteries) was carried from stake to
stake. At the stakes, the antenna was placed on the top of the stake and

Figure 3.1: The antenna (left) and the receiver (right). Images are from the
Topcon-homepage (http://www.topcons.com).



Elevation [m a.s.l.]

Figure 3.2: Overview of Storglaciaren and the surrounding areas. The ap-
proximate location of the velocity measurements is shown by the box. Con-
tour intervals for the glacier are 25 m (black lines) and for the surrounding
area 100 m (red lines). The 1500 meter contour line is shown as thick red
line on the glacier.

fixed using a screwable metal holder that fitted over the stakes. The stake
position was recorded for two minutes, taking measurements every 5 seconds.

Measurements were performed on September 11, 2000. During conditions
of strong winds downhill ;| fair weather and light snow cover. The GPS was
able to get the signal from at least 5 satellites at all times, most of the time
7 or 8. This is clearly sufficient for an accurate determination of location.

These measurements were compared with data collected in an identical
manner on July 17, 2000 by J. Hedfors and velocities were calculated for the
intervening 56 days.



Figure 3.3: Setup of the GPS for the measurements.



Chapter 4

Data

The measurements were downloaded from the receiver to a laptop and then
analyzed using special software. They were automatically tied to the fix-
GPS-antenna at the Forskershuset and corrected for errors. The measure-
ments were written to a file in the WGS84-coordinate system. Since most of
the data for Storglacidren (e.g. the stake measurements from J. Hedfors) are
available only in the local Swedish RT90 V 0 gon coordinate system, one of
the datasets had to be converted. It was decided to convert all the data to
the Swedish system, which makes plotting of the data on the existing grids
much easier.
Subsequently, the analyzing of the data requires three steps

e Quality Check
e Velocity Calculations

e Data Comparison.

4.1 Quality Check

Before working with the data, it has to be ensured that the data are correct.
This can be done quite easily by plotting the measured stake positions on
the glacier grid and comparing them to the previously measured positions.
The original velocity stake net (Fig. 4.1, as measured by J. Hedfors) consists
of 42 stakes that are set up to form a grid of 6 by 7 stakes (6 stakes across
glacier and 7 rows downglacier). The net is situated on the lower part of
the glacier roughly between 1300 and 1400 m a.s.l. When plotting the newly
measured data on the same grid, it is obvious that the locations of the stakes
are almost identical, thus the measurements seem to be correct.
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Figure 4.1: Distribution of the measured stakes used for velocity determina-
tion. Measurements from Jul. 17, 2000 (made by J.Hedfors) and Sept. 11,
2000.

4.2 Velocity Calculations

The glacier surface velocity can be obtained from the difference between the
stake positions in the two surveys using the following equations. First, the
displacement of the stakes is calculated by taking the difference between each
component of the coordinate

dz = laty — laty (4.1)
and
dy = lony — lony, (4.2)
Stake Position 2
N
A
A
dy
0
[
Stake Position 1 dx

Figure 4.2: Schematic view of the velocity determination.
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where the subscript 5 corresponds to the later of the two measurements
and i is the first measurement of stake position.

From this displacement, the velocity in each direction can be calculated, if
the time period between the two measurements is known, by simply dividing
the displacement by the number of days

dx
= — 4.3
u= (4.3)
and q
Y
- =7 4.4

where u is the speed in the x-direction (east-west, being positive if moving
towards east), v is the speed in the y-direction (north-south, being positive
if moving towards north) and dt is the appropriate time period.

Using simple vector geometry, the magnitude of the velocity can be cal-
culated as

V[ =vu*+ v, (4.5)

where V is the resulting velocity.
The flow direction can be calculated as

6 = 90 — tan~" (X> , (4.6)
u

where 0 is relative to north in degrees.
Theoretically, the velocity in all three dimensions could be obtained by
measuring the displacements in these dimensions accurately enough. Due to
the measurement setup, however, the vertical displacement could not be de-

termined. The coordinates, displacements and resulting velocities are listed
in Table 4.1.

11
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lce Welocities between Jul. 7. and Sept. 8. 2000
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Figure 4.3: The surface flow field as determined by Differential GPS mea-
surements.

The resulting velocities are also plotted in Fig. 4.3. They show a distinct
pattern. Velocities are aligned along the line of strongest surface gradient
and they appear to be smaller near the glacier margin and largest near the
centerline (as one would expect from the theory, see for example [1]).

Velocities near the southern margin (especially towards the east) seemed
to be unusually small and strongly deflected towards the centerline of the
glacier. Thus, there seems to be a strong lateral compression and the ice
in that area must be almost stagnant. This is also confirmed by a visual
inspection of the area.

4.3 Comparison of Data with Previous Mea-
surements

Velocities of Storglaciaren have been measured regularly since the 1970s. Sea-
sonal trends in magnitude have been clearly identified with maximum speeds
obtained during the summer and early fall ([2]). Studies by [3] show the area
overlapping with our stakes to have velocities of 4.2 - 4.4 cm/day in July,
5.5 -6.5 cm/day in August and 3.6 -3.7 cm/day in September. Their simul-
taneous weather and borehole measurements enable the authors to conclude

13
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Figure 4.4: Surface velocities as determined by Differential GPS measure-
ments.

that the velocity patterns are linked to high meltwater inputs and high basal
water pressures, hence increased rates of basal sliding.

Our measurements represent July-August-September averages and cen-
terline velocities of between 4.5 and 5.5 cm/day agree well with these other
studies and indicate that the glacier behaved normally during the summer
2000.

The trend of maximum horizontal velocity along the centerline in the
ablation area, decreasing outward toward the margins, reported by [3], is
clearly demonstrated in the arcs of the velocity profiles in Figure 5.2.

Other studies have reported rotation of flow to be more parallel to the
centerline during seasonal increases in velocity [5] and velocity peaks related
to heavy rainfall and high temperatures ([3]). Unfortunately our study is not
comprehensive enough to comment on these trends.

14



Chapter 5

Discussion

When analyzing the velocity measurements, the local bed topography is im-
portant. Fig. 5.1 shows the location of the velocity stakes relative to the ice
thickness. Storglaciaren has four distinct overdeepenings with three ridges
running across the glacier bed.

The stake net is located in the area of the lowermost subglacial ridge.
The glacier surface in some parts of that area is heavily crevassed, which
indicates important changes in the local flow field.

By plotting the velocity distribution along the rows of stakes, a charac-
teristic feature can be seen. Due to large lateral shearing near the glacier
margin (glacier-rock interface), the horizontal velocity almost disappears near
the edge. Near the centerline of the glacier, it is usually largest.

But velocities also vary from row to row. Velocities in the most upstream
row are the smallest. It is in the area of least surface gradient. It is also the
area of largest ice thickness, due to a trough in the bed topography. The
rows downstream of this have larger velocities, both due to steeper slope and
a ridge in the bed topography. Below the ridge, velocities slow down again
towards the next trough. This trough is less pronounced than the previous
one, and thus the velocity decrease is less.

The influence of the bed topography on the flow field is apparent when
plotting the flow field over the bed topography as done in Figure 5.3. It is
striking that the highest velocities are slightly downhill of the pronounced
ridge in the bed topography. The lowest speeds are generally measured near
the margin but are especially low over the margins of the deep bedrock
depression. Comparing figure 5.3 with Figure 4.4 also shows that this is
the area where the flow direction deviates most from a straight west-east
movement.

15
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Figure 5.1: Location of the velocity stake net relative to the ice thickness.
Storglaciaren has four distinct overdeepenings with three ridges running
across the glacier bed.
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Figure 5.2: Across glacier surface velocity profiles and their setting on the

glacier.
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Measured surface flow field plotted over the glacier bed topogra-

Figure 5.3
phy.
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Chapter 6

Conclusions

The study demonstrates the practical simplicity and effectiveness of using
DGPS for glacier velocity surveys. The results for Storglaciaren show speeds
of between 4.5 and 5.5 cm/day for the glacier centerline during the peak flow
months of July, August and September. These agree well with other obser-
vations. Comparisons of the surface velocities and the bedrock topography
show slowest speeds over the deepest bedrock trough, highest velocities over
the bedrock ridge, and slightly reduced speeds below the ridge, flowing into
the next, slightly smaller bedrock depression.
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