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APPARENT SHORT-TERM GLACIER VELOCITY VARIATIONS 

By JIPRN-OLE ANDREASEN 

(Geologisk Institut, Arhus Universitet, Langela ndsgade bygn. 521, 8000 Arhus C, Denmark) 

ABSTRACT. In connection with a glacier-hydrological project at a sub
polar glacier in West Greenland , short-term glacier velocity variations were 
measured. Both the horizontal and the vertical velocity components showed 
distinct diurnal variations. C lose exam ination ind icates that these vari
ations a re caused by the change in atmospheric refraction during the day, 
with the vertical component as the most important. 

R ESUME. Les variations apparentes de vitesses du glacier sur de courls espaces de 
lemps. Dans le cadre d'un projet d'etude hydrologique sur un glacier sub
polaire de I'ouest du Groenland , des variations de vitesse sur de courtes 
periodes de temps Oll ( ele mesurees. Les deux composantes de la vitesse, 
horizontale et verticale Ollt monrre des variations diurnes distinctes. Un 
examen de-taille de ces varia tions montrent qu'eHes 50nt le resultat des 

INTRODUCTION 

Short- and medium-term variations in the surface 
velocity of glaciers have been reported from temper
ate as well as sub-polar glaciers (Iken, [1978J). 
(The term "sub-polar" is here used to denote that 
the temperature over parts of the glacier is negative 
even in summer down to a certain depth, i.e. it does 
not exclude a warm base.) It is assumed that these 
velocity variations are caused by changes in sub
glacial water pressure brought about by chan~es in 
water input from the surface of the glacier (ablation) 
and sub- and engl aci al storage of water. Consequently, 
short- and medium-term velocity measurements are a 
means of -providing additional information about the 
glacial drainage system. 

Variations of surface velocity of temperate val
ley glaciers have been reported from numerous investi
gations, e.g. by Meier (1960), Paterson (1964), Iken 
([1978J), and Iken and others (1983). Relatively few 
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Fig. 1. Sketoh map of West GreenLand Bhowing Looation 
of the gLaoier XitdLerBsuaq. DaBhed Line on inLand 
ioe deLineates boundary of area oovered by the GGU 
gLaoier inventory. 

varialions diurnes de la refraction atmospherique, l'effet sur la composante 
verticale elant le plus important. 

ZUSAMMENFASSUNC. Scheinbare kur<.<.eilige Schwankong,n der Glelscher
Geschwindigkeil. In Verbindung mit einem glazial-hydrologischen Projekt an 
einem subpola ren Gletscher in West-Gronland wurden kurzzeitige 
Schwankungen der Gletscher-Geschwindigkeit gemessen. Sowohl die hori
zontalen wie die vert ikalen Geschwindigkeitskomponenten zeigten 
deutliche Tagesschwa nkungen. Genauere U ntersuchungen ergaben, dass 
diese Schwankungen durch Veranderungen der atmospharischen 
Refraktion wa hrend des Tages hervorgerufen werden, wobei die 
Vertikalkomponente bei weitem iiberwiegt. 

observations have been obtained on sub-polar glaciers, 
e.g. Battle (1951), and MUller and Iken (1973). 

In Greenland, Andreasen (1982) and Clement (1983) 
measured seasonal velocity variations at glaciers in 
West Greenland, whereas Nobles (1960) in north-west 
Greenland found no significant variations in a pro
file close to the firn line. In East Greenland, 
Friese-Greene and Pert (1965), and Paterson (1961) 
found ice velocity variations during the summer. 

As a part of a glacier-hydrological investigation 
at Tasersiaq in West Greenland, short- and medium
term velocity measurements were carried out on an 
outlet glacier (Kitdlerssuaq) from a local ice cap. 

LOCATION 

Kitdlerssuaq is an outlet glacier from a local 
ice cap (Amitsuloq) situated some 50 km east of the 
Sukkertoppen Is kappe (F i g. 1). Kitdl erssuaq covers an 
area of 0.25 krn2. The accumulation area reaches 
1350 m above sea-level from where the glacier drains 
eastwards down to 780 m above sea-level (Fig. 2). 
The accumulation area is partly divided by a nunatak. 
The transient snow-line was about 1050 m above sea
level at the end of the ablation season in 1982. The 
glacier is coded No. 1 DG 16166 in the West Greenland 
Inventory and is located at approximately 1 at. 66°07'N. 
and long. 50 0 10'W. 

METHOD 

Variations in horizontal ice velocity were determ
ined by surveying the angle between a fixed point and 
the stake through a period. Movements can be calcula
ted from angular displacements and the distance from 
the instrument to the stake by assuming a direction 
of movement. However, in this article, velocities are 
given as angular velocities, thus avoiding any assump
tion of direction of movement. 

Angle measurements were performed with a Carl 
Zeiss Jena Theo 010 A theodolite, with readings to 
0.0002g (2CC ). The theodolite has automatic vertical 
index stabilization. All angle measurements to stakes 
and fi xed points were dete rmined using a complete 
round expanded after transit of the theodolite to a 
double, complete round. According to the manufacturer 
the accuracy of angle measurements for double readings 
is ±O.0003g . As surveys were made during rather di ff
erent climatic conditions, this value may be too 
optimistic. The standard deviation of horizontal angle 
measurements was determined using a fixed angle be
tween two points on solid rock. One point was located 
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Fi g . 2. The i ce cap ~itsuL~q ~nd the ~La~ier KitdL er s
suaq. The dashed L~ne on Am~tsuL~q ~nd~cates the 
approximate boundary of KitdLerssuaq. 

on the same side, the other point on the opposite side 
of the glacier (B and F, respectively) relative to 
the survey point ls (Fig. 2). Readings to fixed points 
were taken during the summer, at the same time as 
readings to stakes. The accuracy of horizontal angles 
were in this way determined to ±0.00119 (n = 25). The 
accuracy of vertical angles to ±0.0008g (n = 33) and 
±0.0015Y (n = 26) for the fixed point on the same 
side (Bs) and on the opposite side (F) of the glacier, 
respectively (Table I). In addition, the accuracy at 
a given time of the vertical angle from As to F was 
determined three times. The accuracy of vertical 
angles was in this way determined as ±0.0003g 
(n = ID), ±0.0004 g (n = 11), and ±0.0003 g (n = 9). 

RESULTS 

variations in the vert i caL veLocity component 
Frequently weather conditions prevented continu

ous series of measurements covering all stakes. Dur
ing three periods, 10-13 July, 4-8 August, and 14-18 
August, measurements twice a day were successful. 

At the points 1100, 900, and F (Fig. 2) variations 
were pronounced with a repeated diurnal pattern, show
ing negative (downward) movement during the night and 
positive (upward) movement during the day (Fig. 3). 
An identical diurnal pattern can be recognized for 
points 950 and Bs ' although the variations were less. 
(Only points with a diurnal variation are shown in 
Fig. 3 and Fig. 5). 

Thus diurnal variations in the vertical compon
ent of angular velocity were observed at several 
stakes on the glacier, but diurnal variations were 
also measured at the fixed points Bs and F. 

Observations at intervals of days (one day up to 
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Fi g. 3. 12 h verticaL anguLar veLocities. Positive 
vaLues indicate upward movement with r ef er ence to 
the former Li ne of s ight. 

a few days) show almost the same characteristics as 
the 12 h observations (the most complete period, 
5-19 August, is shown in Fig. 4). Variations at inter
vals of days in the vertical angular velocity are al
most the same at all stakes on the glacier, indi ca
ting that variations are not random, but again ident
i ca 1 vari at ions were observed at the fi xed poi nts Bs 
and F. 

variations in t he hor izontaL veLocity component 
The horizontal angular velocities relative to 

the fixed point Bs are shown as a continuous line in 
Figure 5. DiurnaL variations are seen at stakes 6, 
980A, 980B, and 900, whereas no distinctly diurnal 
variations are seen at the fi xed point F. Most cases 
with diurnal variations have a larger nocturnal 
velocity (stakes 6, 980A, 980B, and stake 900 in July). 
Only at stake 900 is the nocturnal velocity the 
smaller (in August). 

Velocities cal culated with respect to the fi xed 
point F are shown as a dashed line in Figure 5. Al
though the values are somewhat different, the trend 
of variations is identical at the individual sta kes . 

The most striking feature of variations at inter
vaLs of days is the different result obtained if 
either Bs or F were used as reference (Fi g. 6). It is 
notable that variations at stake 900 and point Fare 
identical, thus eliminating variations at stake 900 
with F as reference. The lines of sight to both points 
are in almost the same direction. 

DISCUSSION 

VerticaL veLocity variat ions 
Levelling over distances greater than some hundred 

metres calls for adjustments with reference to the 
Earth's curvature and to refraction. 

TABLE I. STANDARD DEVIATIONS OF ANGLE MEASUREMENTS AND VELOCITY DETERMINATIONS 

TheoreticaL Measured 

during t he s ummer at a gi ven moment 

Hz V(Bs} V(F} V(F) 

Angle 3cc 11 cc 8cC 15cC 3cc 
Angle difference 4cc 16 cC 11 cc 21 cc 4cC 
12 h velocity 8cc/d 31 cC/d 23 cc/d 42 cc/ d 8cc/d 
24 h velocity 4cc/d 16 cc/d llcc/d 21 cC/d 4cc/d 
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Fig . 4. vertical angular velocities at intervals of days. 0 
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Fiq. 5. 12 h horizontal angular velocities . velocity 
tn relation to the fixed point 8s is shown as a full 
line, in relation to the fixed point F as a dashed 
line. 

Because of variations in air temperature near the 
surface, pressure, air moisture, and the wavelength 
of light, refraction varies with distance from the 
surface (Fig. 7). The change of direction of rays de
pends on the refraction index n, variation of n (dn), 
and the angle between the ray and the stratification 
of the air a (Bjerhammer, 1967, p. 196): 

cot a 
et> = --dn. 

n 

o 

= 
10 

AUGUST 
14 19 

Fig. 6. Horizontal angular velocities at intervals of 
days . Velocity in relation to the fixed point Bs is 
shown as a full line, in relation to the fixed point 
F as a dashed line. 

Cold loyer. " 
------_ .... _--.:... .. ......... . 

................ 

Wor'" loye r . 

Fig. ? Vertical refraction in a simplified, two-layer 
m~el . a ~e~ote~ the angle between the ray and the 
atr strattftcatton, dS the refraction and y the 
"refraction angle". ' 

If the refractive index of the different air layers 
is known in the path of the ray, it is possible to 
calculate the vertical change of direction by integra
ting de over the total distance. 

Given a zenith distance v, the difference in height, 
allowing for both refraction and Earth curvature, is 
usually given as: 

<J2 
lIh = d cot v + (l-k)-

2R 

d being the distance between pOints, R the radius of 
the Earth, and k the constant of refraction (M6ller, 
1980). The constant of refraction k = 0.13 is norm
ally used. However, it has long been recognized that 
refraction varies systematically through the day. It 
is considerably larger in the morning and in the 
evening (0.21) than at noon (0.08) (Jordan, 1956, 
p. 426-29). Above ice and land surfaces, a positive 
temperature gradient often develops during cloudless 
nights with low winds. During day-time, a negative 
gradient is developed above land surfaces because of 
heating, whereas a less positive gradient prevails 
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above ice surfaces. Thus, in theory, one expects the 
same trend in refraction values throughout the day 
over ice and land surface. 

The difference in height between two points is 
normally determined by simultaneous measurements from 
the points. The calculation can only be done by assum
ing that the lines of sight are congruent, and con
sequently the refraction constant k is the same for 
the two measurements. The difference in height be
tween As and F was determined by simultaneous 
measurements from the two stations, and thereafter 
refraction constants for the sights from As to F in 
the period 14 August to 18 August were calculated 
(Table I1). There is a distinct diurnal variation in 
this period, with higher values for the evening ob
servations (just before sunset), but marked variations 

TABLE 11. CONSTANTS OF REFRACTION k FOR THE SIGHT As 
TO F IN THE PERIOD 14 -18 AUGUST 1982 

Time "Day" "Evening" comments 

820814.2030 0.1 0 frost, strong wind from north 

820815.0830 0.9 frost, a little wind, foggy 

• 2030 0.59 no wind, cloudless 

820816.0830 0.30 frost, no wind, cloudless 

.2030 0.52 no wind, cloudless 

820817 .0830 0.35 no wind, cloudless 

.2030 0.56 light wind, cloudless 

8208113.0830 0.47 no wind, cloudless 

.2030 0.29 wi ndy, overcast 

for the "day" and "evening" observations, respectively, 
are also seen. High values of the refraction constant 
are to be expected as the period is characterized by 
calm and cloudless weather, with a strong development 
of the positive temperature gradient. 

The calculated variation of the constant of re
fraction for observations across ice is far greater 
than the variation normally seen for observations 
across a land surface. That explains why the standard 
deviation for vertical angle measurements from As to 
F (across ice) is double the standard deviation for 
measurements from As to Bs (mainly across a 1 and sur
face) (Table 1). 

In fact great variation of the constant of re
fraction across snow has previously been reported. 
Lichte (1957) mentions constants of refraction be
tween -1.3 and +3.0, with the most common values be
tween -0.2 and +0.8. Paterson (1955) found that the 
constant of refraction varied diurnally between 0 and 
0.9, with extreme values reaching -0.5 and +1.8. 
(Note that the values for k given here are according 

.t.h(m) 
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Fig. 8. Rpparent verticaL movement of stake 1100. 
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to the German definition and are thus twice the Eng
lish values). 

It is likely that variations in vertical angular 
velocity of fixed points and stakes are caused by 
variations in the refraction. Evidently, the refrac
tion must vary from point to point depending on the 
characteristics of local air masses and the angle 
between the ray and the near-surface layer of air. 
Unfortunately these parameters are impossible to 
determine, and consequently having determined the 
constant at a fixed point, the refraction variations 
cannot be compensated for. 

The constant of refraction also varies from one 
day to another, depending on weather conditions. 
Probably the day-to-day variations cause the varia
tions in the vertical angular velocity, shown in 
Figure 4, at fixed points as well as at the stakes. 

The apparent variation of the height difference 
between the theodolite and stake 1100 during the 
period 13-19 August is shown in Figure 8. This could 
easily lead to erroneous conclusions about an in
creasing or decreasing height of the glacier surface, 
but in fact the angle variations at stake 1100 are 
identical with the angle variations of the fixed 
point F (Fig. 4). Probably the cause of the angle 
variations at stake 1100 and point F is the same, 
namely variations in refraction • 

HorizontaL veLocity variations 
.. On the basis of hourly observations of stakes on 

Froya Gletscher in north-east Greenland, Battle (1951) 
concluded that the glacier moved about 1-2 cm more by 
day.than by night • . However, the movement during a 24 h 
perlod was rather lrregular and, conSidering the 
accuracy of observations, the conclusion may not stand 
up to closer inspection. 

Precise and detailed surveying were carried out by 
Muller and Iken (1973), and Iken ([1978J). In both 
~ases~ diurnal velocity variations on temperate glac
lers ln the Alps as well as on sub-polar glaciers on 
Axel Heiberg Island were found. Pronounced variations 
were found on sub-polar glacier and Iken ([1978]) ex
plained this as a result of lack of surface melt dur
ing a 9 month winter period and a thin cover of winter 
snow. If no surface melt takes place, subglacial 
channels become blocked. Consequently high water pres
sures are built up at the beginning of the ablation 
season, causing large sliding velocities. A thin snow 
cover permits a rapid development of a drainage sys
tem on the glacier surface in spring and a strong 
diurnal cycle of melt-water input into the glacier 
(Iken, [1978]). 

In view of these findings and the fact that there 
is no distinctly diurnal horizontal variation at the 
fixed point F, it may seem reasonable to accept di
urnal horizontal velocity variations as real. More
over, in the literature refraction in the vertical 
plane has never been taken as implying horizontal 
refraction. 

Special attention is drawn to variations at 
stake 6 (Fig. 5). Especially during the last period, 
variations are distinctly diurnal. However, the stake 
is situated in the accumulation area where such vari
ations are not to be expected. Furthermore, variations 
in angular velocity fluctuate around zero, indicating 
a movement of the stake from side to side perpendic
ular to the line of sight. The stake moved 15 cm to 
one side during day-t ime 16 August and then 15 cm to 
the other side during the following night, according 
to 12 h measurements, but the total hori zontal move
ment of stake 6 during the period 23 July 1982 to 
9 September 1983 was only 23 cm. At thi s stake, di
urnal variations in angular velocity probably do not 
reflect velocity variations. But angle variations 
are too clearly diurnal to be considered random di
urnal variations of observations. 

In this connection only the vertical refraction 
has been considered (e.g. Fig. 7). However, with re
spect to refraction due to variations in the air 
masses, the stratification of air is assumed to be 
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parallel to the Earth's surface. If it is not, rays 
of light refract in the horizontal plane as well. 

With temperatures increasing upwards, the erron
eous sight will be in the direction of dip of the air 
layers as seen from the measuring point, to the right 
if the dip is to the right, to the left if the dip is 
to the left. Mostly, the dip of air layers follows 
the glacier surface, indicating a dip down-glacier 
and towards the margins. Temperature gradients are 
usually more pronounced in night/evening situations, 
thus causing a stronger refraction. 

Looking at points down the glacier (900 and F), 
the marginal dip as well as the down-glacier dip is 
to the right of the survey point As' Accordingly, 
an erroneous sight to the right is expected in the 
evening, giving too great velocities during day-time. 
In fact, stake 900 showed distinct diurnal variations 
with greater velocities during day-time in August. 
At the fixed point F, the same was observed on 17 and 
18 August. 

At the stakes 980A and 980B, slightly higher up 
the glacier, greater velocities were observed during 
the night. If these variations are to be explained as 
variations in refraction, the dip of the strata of air 
must be to the left with respect to the survey point 
As' and, because of the dip towards the margin, this 
could be true. Similarly the dip may be to the left 
at stake 6, thus allowing the apparent movement from 
side to side to be explained as a consequence of 
refraction variations. Three measurements to the fixed 
point 1380 agree well with observations of the stakes 
at the same time (10 to 11 July, Fig. 5). 

Such considerations are rather speculative but it 
is important that variations of the horizontal angular 
velocity may be due to variations in the refraction, 
caused by variations (temperature, humidity, thickness, 
colour, direction and magnitude of dip) in the layers 
of air. 

Two conflicting observations are added for stake 
900. During the period 10 to 13 July, greater veloci
ties occurred during the night, whereas in August 
greater velocities occurred during day-time. This 
deviation can hardly be explained by variations in 
refraction, but agree well with the expected develop
ment in the glacie~hydrological system. However, 
during the period 15 to 18 August, the glacier was 
covered with snow which had fallen during the days 
before and the ablations was small, less than 1 cm/d. 
Under such circumstances, no significant variations 
in the horizontal velocity are to be expected, though 
they cannot be excluded. 

Summarizing, the apparent side-to-side movement 
at stake 6 may be caused by refraction variations. 
In the same way the variations in the horizontal angle 
velocity at other stakes may be due to variations in 
the refraction. It is not possible to conclude that 
any of the measured variations are variations in 
glacier velocity. 

Concerning the variations over intervals of days 
(Fig. 6), almost the same can be said. The most 
striking example of the refraction effect is the 
elimination of the variations at stake 900 when the 
fixed point F is used as reference. 

CONCLUSIONS 

1. 12 h measurements of vertical angular veloci
ties show distinct diurnal variations. They are ex
plained by a diurnal variation in magnitude of the 
constant of refraction. 

2. Similarly, variations in vertical angular 
velocity from day to day are considered to be an effect 
of variations in refraction, caused by differences in 
different layers of air. 

3. Changes in refraction across the glacier sur
face may be responsible for 12 h and day-to-day varia-

Andreasen: Short-term gLacier veLocity variations 

tions in the horizontal angular velocity, but the 
effect of changes in the refraction is not so predict
able as for vertical velocities, and some of the 
measured variations in the horizontal velocity may 
well be real. 
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