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ABSTRACT. Effects of the retreat of Gasbreen, southwest Spitshergen, Svalbard, on
the evolution of the ice-dammed lake Gogsvatnet are shown for the period 18991991
The retreat and lowering of the damming ice masses have changed not only the stored
lake volume, the lake geometry and the elevation, slope and length of the subglacial outlet
tunnel, but also the frequency and magnitude of outburst floods of Goésvatnet. For the
estimation of peak discharges of outburst floods we computed an unhiased regression
equation related to the progressive enlargement of subglacial tunnels using lake volume
data and peak discharge data from the literature. The derived equation is very similar to
the original form of the Clague—Mathews formula and answers the question why this for-
mula has worked well in many cases. Peak discharges of Gogsvatnet in various years were
estimated by means of the derived equation. Effects of the changed lake geometry as well
as the changed length and slope of the subglacial outlet tunnel on the discharge during
outbursts will be discussed by means of the Nye-Clarke model. Observation of an out-
burst of Goésvatnet in summer 1991 indicates that the outbursts may have been triggered
by pressure decrease in the subglacial outlet tunnel during increased discharge, whereas

flotation of the ice dam can be excluded.

INTRODUCTION

Outhursts of glacier-dammed lakes arc well-known phe-
g

nomena of the glacier landscape. Due to the rapid drainage

process during such outbursts and the damage to cultivated

arcas known from recent and former outbursts, they are of

great importance (o glaciological research. The magnitude
and frequency of outbursts of glacier-dammed lakes are in
close correlation to the oscillations ol the damming ice
masses (e.g Liestol, 1956).

The aim of this paper is to show the effects of the retreat
of Gasbreen, southwest Spitsbergen, Svalbard, on the
periodic outbursts of Goésvatnet. The retreat of the glacier
during the 20th century has changed the geometry of the
damming ice masses as well as the geometry of the lake,
the lake volume and the tunnel system used for the out-
bursts. Using an empirical formula, the effect of the
changed lake volume on the peak discharge of outbursts will
be investigated, whereas the effects of the changed ice-dam
geomeltry, lake geometry and outlet tunnel system will be
shown by means of a physically based model (Clarke, 1982).
The retreat of Gasbreen and the evolution of Goésvatnet
since 1899 are well documented by various aerial photos,
maps and field observations. It is also the aim of this study

to show that a qualitative and quantitative description of

historical outbursts of glacier-dammed lakes can be given
without discharge measurements but by using a physically
based model and careful interpretation of old maps, aerial
photos and field observations.

Goisvatnet is a marginal ice-dammed lake (Fig. 1),
which in 1991 was 30 m deep and covered an area of about

- 2 . . . .
0.5km” It is dammed by the active and stagnant ice of
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Gashreen, a temperate valley glacier (Fig. 1). A detailed des-
cription of the evolution of Gisbreen and Goésvatnet since
1938 can be found in Schoner and Schoner (1996). Outbursts
ol the lake have heen presumed since 1938 (Pillewizer, 1939)
and have been known since 1956 (Grzés and Banach, 1984).
The first direct observation ol a jokulhlaup of Goésvatmet
was made by the authors of this study during an expedition
in summer [991.

EVOLUTION OF GASBREEN AND GOESVATNET
IN THE PERIOD 1899-1991

The first evidence of the lake is in a map made by De Geer
in 1899 (De Geer, 1925). At that time the lake was dammed
by the ice masses of Goésbreen which formed a confluence
with Gésbreen in the area of the lake. Various maps (De
Geer. 1995: Pillewizer, 1939; Polska Akademia Nauk, 1987;
Schoner and Schoner, 1996) show that the ice dam was
thinned by about 100 m between 1899 and 1990. Due to this
fact and the lack of ice supply for the damming ice masses,
the lake moved north and the maximum water level sank
from about 150 to 68 m a.s.l. (Fig. 1).

The lormation of these substantial damming ice masses
in previous years can be explained by: (1) favourable
climatic conditions in this period (Brazdil and others, 1988)
permitting such an advanced state of the glacier; (2) a surge
(or kinematic wave) of the glacier in an earlier time period
(Baranowski, 1977),

The evolution of Goésvatnet since 1899 documented by
maps, aerial photos and ficld observations is compiled in
Table 1. In most of the cases the field observations are, how-
ever, related only to the (illing condition of the lake.
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Fig. I Map showing the location of Gisbreen and the situation of the ice-dammed lake Goésvatnel in various years.

It can be seen fromTable 1 that on aerial photos taken in

1961 and 1990 the lake is visible in an empty state. Photo-

grammetric interpretation of these aerial photos enables

Table 1. Information and observations about the condition of
the ice-dammed lake Goésvatnel for the time period 1899 1991

Date Filling Lake level Source
condilion
ma.s.l.
1899 Filled 150 De Greer (1925)
1936 Filled 115 Topographic chart, 1948
1938 Fillecd 105 Pillewizer (1939
1956 Empty Grzes and Banach (1984
1959 Filled Grzés and Banach (1984
1960 Filled 04 Norsk Polarinstitut (1990)
1961 Empty Norsk Polarinstitutt (1990)
1970 Filled Grzes and Banach (1984
1975 Filled Grzés and Banach (1984
1977 Filled Grzes and Banach (1984
1978 Empty Grzés and Banach (1984
April 1979 Empty Grzés and Banach (1981
July 1979 Filled 87 Grzés and Banach (1984)
July 1980 Filled 87 Grzés and Banach (1984)
August 1980 Empty Grzés and Banach (1984
July 1981 Empty Grzés and Banach (1984)
August 1982 Filled Jania (personal communication, 1993
August 1988 Empty Jania (personal communication, 1993
August 1990 Empty 40 Norsk Polarinstitutt (1990,
July 1991 Filled 68
August 1991 Empry 10
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mapping of the bottom topography of the lake (Schéner
and Schoner, 1996). In a next step the volume of Goésvatnet
can he computed for those years when the extension of the
lake is shown on large-scale maps, namely, for 1938, 1961 and
1990.

For the purposes ol investigating outburst floods of
Goésvatnet, the maximum lake volume at the initial state
of outbursts is of interest. For the outburst of Goésvatnet in
1991 the maximum lake level is known [rom direct observa-
tion, whereas the topography of the lake is taken from the
1990 map. An outburst in summer 1961 can be derived from
an aerial photo taken in 1961 showing Goésvatnet in an
empty state and the maximum extension ol the lake in a
very accurate way by the extension of mud. Based on this
information the maximum lake volume in 1961 could be de-
rived from the known lake topography and the extension of
mud.

An outburst around 1938 is not known for certain. but it
Pillewizer (1939).
assumption were ficld observations during an expedition in
1938. Duc to flood events the sandur plain was free of vege-

was presumed by Indications for his

tation, whereas terraces and moraines were vegetated.
Morcover, the frontal moraines in the area of the damming
ice masses of Gasbreen showed a well-developed breach
which was drained only by a very small river during the
summer of 1938. The dimensions of the breach indicate,
however, that is was sometimes drained by a much larger
amount of water. Shorelines of Goésvatnet showed that the
maximum lake level was not higher than about 130 m a.s.1.
at this time (Pillewizer, 1939). Using these observations, the

A7/
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map of 1938 (Pillewizer, 1939) and the lake topography de-
rived from the map of 1990 an estimation of the maximum
lake volume was possible.

There is no hint of outbursts of Goésvatnet around 1899.
Pillewizer (1939) reports that the highest shoreline of Gogs-
vatnet was found at 143 m a.s.l. which fits rather well with a
lake level of 150 m a.s.l. shown in De Geer’s map in 1899 (De
Geer, 1925). Furthermore, a great alluvial fan on the orogra-
phical lefthand side of the marginal zone in the area of the
glacier’s frontal moraines can be seen from this map. This
possibly indicates an episodic drainage of the lake through
a channel in the marginal arca of the damming ice masses of
Gasbreen for the period around 1899. Due to the lower ac-
curacy of De Geer’s map the lake volume was not computed
for 1899.

The computed lake volumes of Gogsvatnet for indivi-
dual years are shown inTable 2. The topography of the lake

Table 2. Topographic parameters derived from interpretation of
aerial photos and maps. for outbursts of Goésvatnet in various
years. 1991 data are based on interpretation of aerial photos
taken in 1990 and on field observations: 1961 data are based
on interpretation of aerial photos taken in 1960 and 1961

1899 1938 1961 1991

Length of outlet tunnel. iy (m 2500 2000 1750 1350
Ice thickness at seal, b (m) 140-150  110-120 105 50
Lake level around seal at

initial stage of the

outburst, hy (m) 85 70-95 65 33
ho/h; =075 0.62 0.66
Elevation of tunnel outlet (m) 40 30 22
Slope of sub-glacial outlet

tunnel. s 0 0006 0,012
Lake volume Vg (m%) 38480000 23880000 7117500
Lake arca Sy (m?) 1346000° 1132000 420000
Geometric parameter Mf 0.340 0.325 0.513

Computed for the most likely value of lake level around seal at the initial
stage of the outburst derived from field observations (Pillewizer, 1939).

in 1938, 1961 and 1990 is shown in Figure 2 and is also des-
cribed inTable 2 by means of a geometric function in the

form of:
2hut _ (v;)"’
hao Vi

where hyy is lake elevation at time ¢, hy is lake elevation at
the start of the outburst, V; is lake volume at time £, Vj is lake
volume at the start of the outburst, and M is a geometric
function.

Tt can be seen from Table 2 that Goésvatnet changed its
geometry from a cone-shaped reservoir in 1938 and 1961 to a
paraboloid-shaped  reservoir in 1991 The agreement
between the lake geometry computed by the geometric
function and the geometry derived from a map is shown in
Figure 3 for 1938.

"Table 2 also includes values of ice thickness in the vici-
nity of the seal, and the lake level above the seal at the initial
stage of outhursts. The relation between these two values is
of interest in the investigation of the triggering mechanism
of the outbursts. For 1938 the seal is assumed to be in the area
of maximum ice thickness of the dircet junction line
between the moraine’s breach and the lake. The bottom
topography of the glacier in 1938 is known from the map of
1990 showing this zone [ree of ice due to glacier retreat,
whereas the glacier surface in 1938 is known from the 1938
map. For the outbursts in 1961 and 1991 the inlet and the out-
let of the subglacial tunnel were bound to the border
between the active and stagnant part of Gasbreen marked
by a medial moraine. The bottom topography of the glacier
in 1961 and 1991 has been extrapolated from the region free
ol ice, and the glacier surfaces are known from the maps. So
the scals in 1961 and 1991 were chosen in the area of maxi-
mum ice thickness of the medial moraine.

It can be seen from Table 2 that the ratio ol ice thickness
to water height at the seal is much oo high to make possible
a flotation of the damming ice masses of Giasbreen. This in-
dicates another triggering mechanism for the outbursts of
Goésvatnet. It is a well-known feature of jokulhlaups of

elevation (m a.s.l.)

0 0.2 0.4 06

0.8 1 1.2 1.4

area (10° m?)

Fig. 2. Bottom topography of Goésvatnet in 1958, 1961 and 1991 derived from interpretation of contour maps.
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Fig. 3. Lake volume of Goésvatnet in relation to the lake level in 1938 estimaled by interpretation of a contour map and by means ofa

geometric function.

marginal ice-dammed lakes that they start long hefore (lota-
tion 1s possible (e.g. Fisher, 1973; Bjornsson, 19¢

The subglacial outlet tunnel used around 1938 and in
1961 and 1991 is characterised by the length and slope of the
tunnel inTable 2. Due to the retreat of Gasbreen the length
ol the tunnel was reduced by ahout 35% between 1938 and
1991, In the same period the slope of the outlet tunnel down-
stream of the seal changed from about horizontal to 0.012
(Table 2).

It is also evident that the lowering of the ice dam has
changed the local climatic conditions of the ice dam. as in
general at lower altitudes the ice ablation will be increased.
This leads to a feedback mechanism for the thinning of the
damming ice masses.

OBSERVED OUTBURST IN 1991

At the end of July 1990 the lake was nearly empty (aerial
photo, 1990). Within 1 year the lake filled again and the water
level rose 1o the height necessary for the beginning of an
outburst (68 ma.s.l) on 24 July 1991 (Fig. 4). Then the out-
burst started, and the lake lost 7117300 m* of water within
1.5 d. The lost lake volume was derived from an interpreta-
tion of the 1990 contour map. Goésvatnet lost its water
through one tunnel between the active and the stagnant

part of Gasbreen (Fig. 5). The inlet and the outlet of the
tunnel were casy to identify during the fieldwork. The out-
burst of Goésvatnet led to an increased outflow of the main
proglacial river but did not flood the sandur plain. Due to
higher river discharge and sediment transport capacity, a
large brown fan formed in the sea. After the outburst the
situation was quite similar to the one in 1990 with a more
or less empty lake (Fig. 6).

The outburst of Goésvatnet in 1991 started after a period

of strong ablation due 1o high air temperature and intensive

Fig. 5. Outlet tunnel of the 1991 outhurst of Goésvatnet at the
border between the active and stagnant ice of Gasbreen.

Fig. 4. Goésvatnet before the outburst on 24 JFuly 1991,
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Fig. 6. Goésvatnel after the 1991 outburst.
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radiation. So in our opinion the initial stage of the outhurst
in 1991 was triggered by the pressure decrease during
increased discharge in subglacial channels (Rothlisberger,
1972) resulting from intensified ablation. Moreover, at the
same time the amount of water stored in the lake was
increased, causing higher water pressure in the vicinity of
the seal.

TOOLS FOR COMPUTATION OF JOKULHLAUP
DISCHARGE

An effective tool for the estimation of peak discharge of
jokulhlaups is the empirical formula of Clague and
Mathews (1973).

Qmax = 75”)(].(3?(];2 = 96”/(’)

where Qpax is the maximum discharge in m?s 'and V] is
the initial volume of the lake in 10°m”, This regression for-
mula was reworked by several investigators, who included
more data points for the relation. The form of the relation
proposed by Costa (1988) is

Quax = 113V,"94(r2 = 80%; s.e. = 0.42log—log units) .

Desloges and others (1989) showed an unbiased form for this
log—log relation:

Quax = 179V,064 .

In our investigation we excluded those data points of the
relation where jokulhlaups were related to the “sudden
break” of the ice dam, as sugeested by Haeberli (1983). We
also excluded data points of jokulhlaups which were not
related to subglacial drainage. For this “progressive enlarge-
ment” relation which is also relevant for the outbursts of
Goésvatnet we have found:

Qumax = 65V," (% = 93%; s.e. = 0.20 log—log units)
g i
and for the unbiased form:
Qumx = 72]/;](1.?(1

(outhurst discharge data extracted from Clague and Math-
ews (1973), Clarke (1982), Hacberli (1983), Costa (1988), Rus-
sell (1989) and Bjsrnsson (1992); number of cases = 17). This
data set is more homogencous and shows a higher coefli-
cient of correlation between the lost lake volume and the
peak discharge compared to the data set of Costa (1988).
One can see that the derived equation is very similar to the
original Clague Mathews formula. Various field observa-
tions have shown that outburst floods of glacier-dammed
lakes are very often related to progressive enlargement of
subglacial outlet tunnels. Due to this fact the similarity
between our regression equation and the original Clague—
Mathews formula explains why the unbiased formula has
worked well in many cases.

An alternative method for estimating the peak discharge
of the proglacial river is based on the continuity equation
and the Manning—Stickler relation (slope-area method;
Desloges and others, 1989).

_ RiSiA
Qmax = W
where R is hydraulic radius (m), S is bed slope for a 100 m
channel reach, A is cross-sectional area (m?), and D is aver-
age intermediate axis (m) of the ten largest particles in the
river-bed.
A third approach for discharge computation of outburst
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floods is to use physically based models (e.g. Nye, 1976;
Spring and Hutter, 1981; Clarke, 1982). Nye (1976) and Clarke
(1982) developed a model based on tunnel geometry, conti-
nuity, energy conservation and heat transfer with:
Q= flhis20s:ln; Qs ', 6, V(hy)]

where b; is ice thickness at the seal, z, isinitial lake elevation
above the tunnel outlet, Ly is drainage tunnel length, ; is
water inflow to the lake, n’ is Manning roughness coefli-
cient, 0] is lake water temperature, and V(hy) is lake volume
distribution with depth.

Contrary to the empirical formula of Clague and Mat-
thews the Nye—Clarke model enables the investigation of the
effects of changed physical parameters like the lake geo-
metry or a changed subglacial tunnel system on the dis-
charge curve in addition to peak discharge computations
(Clarke, 1982).

EFFECTS OF GLACIER RETREAT ON DISCHARGE
DURING OUTBURSTS OF GOESVATNET

Effects of glacier retreat on the outbursts of glacier-dammed
lakes have been discussed in the literature for a long time.
Thérarinsson (1939) described ice-dammed lakes of Ieeland
and their values as indicators of glacier oscillations in histor-
ical times. The effect of glacier oscillation on the stored lake
volume and the magnitude of outbursts of a glacier-
dammed lake was first discussed in detail for a Norwegian
lake in a paper by Liestal (1956). Liestol showed the evolu-
tion of an ice-dammed lake from the initial state of the lake
to the first outbreak in 1941 and the almost annual flooding
since then. This paper was [ollowed by various descriptions
of glacier oscillation and outbursts of ice-dammed lakes for
other locations. Existing knowledge ahout the relation
between climatic change (and the resulting glacier oscilla-
tion) and jékulhlaup activity was summarised in a paper
by Evans and Clague (1994). They showed a typical jokulh-
laup activity of glacier-dammed lakes in western Canada
which seems to agree with our observations and computa-
tions for the outbursts of Goésvatnet. At the beginning (in
the 19th century and maybe earlier) the lake impounded
by the glacier was stable and drained via a stable overflow
chanmnel. In the following time period (about the turn of the
century) the lake overflowed along the margin of the
glacier. Thereafier (about the beginning of the 20th cen-
tury), sporadic or cyclic looding started and the glacier re-
treated until it was no longer able to impound the lake.
Based on our slightly altered form of the Clague-Math-
ews formula, the peak discharge of jokulhlaups of Goésvat-
net in 1991, 1961 and around 1938 was computed (Table 3). It
can be seen that the 82% reduction of the lake volume
resulting from the lowering of the damming ice masses is

Table 5. Resulls of the computed dischaige of the jokulhlaups
of Goésvatnet in various years

1938 1961 1991

Peak discharge (m”s ') (unbiased Clague-Mathews) 926 664 284
Peak discharge (m”s ') (Nye-Clarke model) 970 720 240
Max. cross section of outlet tunnel (m?) 907 1550 T2
Duration of outburst (d =2 I% I%
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equivalent to about a 75% reduction of the peak discharge
for the same time period 1938-91.

A rough check on the computed peak discharge in 1991
was possible by estimating the peak discharge of the pro-
glacial river [km downstream of the frontal moraines by
means of the slope arca method. Our field observations
showed that

A<60m®, R~18m. §$=0013 D~1m.

Irom these data we computed a peak discharge of
<270m*s "whichisin good agreement with that computed
for the 1991 jokulhlaup by the unbiased Clague Mathews
formula. But one has to take into account that an agreement
between the peak discharge of the subglacial channel and
the peak discharge of the proglacial river is not really neces-
sary as water can be stored behind the frontal moraines of
Gasbreen.

The computed peak discharge of 970 m”s ' for a jokulh-
lap around 1938 confirms the assumption of Pillewizer
(1939) that at that time the sandur plain was looded during
an outburst, as the maximum capacity of the proglacial
river is less than about 400-500 m” s ! (computed by means
of the slope—area method).

As mentioned in a previous section, the retreat of the
damming ice masses also changed the length and elevation
ol the subglacial drainage tunnel used for the outbursts in
the period 1938-91. Morcover, the lake geometry changed
due to the “wandering” of the lake towards north and due
to the lowering of the ice dam. The effects of these changed
parameters on the peak discharge of the outbursts of Gois-
vatnet can be shown by means of the Nye-Clarke model. For
the simulation of outbursts of Goésvatnet, data of lake geo-
metry, ice thickness at scal, drainage tunnel length, and lake
elevation above the seal are known for 1991, 1961 and 1938,
whereas the values of lake temperature and the Manning
roughness coefficient are unknown. All other physical para-
meters used for the model were chosen according to values
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common in the literature (sce Clarke, 1982). As ) is very
small compared to Q this parameter was neglected.

For the outburst of Goésvatnet in 1991 a rough value of
the duration of the outburst is known from direct observa-
tion (L.5d). Based on this observation the values of lake
temperature and Manning roughness were estimated by
iterative derivation using the Nye—Clarke model. A value of
n=0070m s and a lake temperature of 6°C leads to a
duration of the outburst of 32 h, which agrees well with the
observed one. The peak discharge of 240m®s! computed
by the Nye-Clarke model is in good agreement with the
peak discharge estimated by the Clague Mathews formula.
Since values of lake temperature and Manning roughness
are unknown for any of the outburst years, the derived
values mentioned above were used for further computa-
tions. These values are also in a range known from the
literature (e.g. Clarke, 1982; Bjérnsson, 1992),

Based on these assumptions, Figure 7 shows the dis-
charge curves of outbursts of Goésvatnet in 1991, 1961 and
around 1938, Tt can be seen that the modelled peak dis-
charges agree well with the computed peak discharges ac-
cording to the Clague—Mathews relation in Table 2. This
agreement confirms our assumption for lake temperature
and Manning roughness. Furthermore it can be seen from
Figure 7 that the computed duration of the outhursts has
changed little since 1938 (from about 2d to 13d). The
change of the lake geometry from a cone-shaped to a para-
boloid-shaped topography is equivalent to a reduction of
peak discharge by about 10%, whereas the reduced outlet
tunnel length and the changed slope are equivalent to an
increase of peak discharge by 17% and 30%, respectively.

For the time period around 1991 a frequency of outbursts
of about one per year is known from ficld observations. In
1991 the lake volume was reduced by 80% compared to
1938. This indicates that an outburst around 1938 happened
about every 6 years whereas an outburst around 1961 hap-
pened about every 3 years,

discharge (m*/s)

42 48

time (h)

Fig. 7. Modelled outhursts of Goésvatnet in 1938, 1961 and 1991,
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CONCLUSIONS

"To obtain the relation between the lost lake volume and the
peak discharge during outburst floods we computed an un-
biased regression equation which is relevant for outbursts
with progressive enlargement of subglacial tunnels =
72V,"™). The derived equation is very similar to the original
form of the Clague—Mathews formula. This similarity is the
reason why the original Clague—Mathews formula worked
well for many investigations.

Our investigation shows that outhursts of Goésvatnet
start long before flotation of the ice dam is possible
(hi/hs = 0.6). The lowering of the damming ice masses of
Gasbreen reduced the water stored at the maximum stage in
the lake of 80% and lowered peak discharge during out-
bursts from about 1000m”s ' to 240m”s " in the period
1938-91. The computed peak discharge of 970 m”s ' for an
outhurst around 1938 confirms the assumption of Pillewizer
(1939) that the sandur plain was flooded during an outburst
at that time. Our field observations in 1991 and the com-
puted peak discharge for 1991 show that during recent out-
bursts the sandur was not flooded. The change of the lake
geometry from a cone-shaped to a paraboloid-shaped topo-
graphy in the period 1938-91 is equivalent to a reduction of
peak discharge by 10%, whereas the reduction of the drain-
age tunnel length and the increased slope increase peak dis-
charge by 17% and 30%, respectively. The observations and
computations of the outbursts of Gogsvatnet fit well with the
jokulhlaup activity shown by Evans and Clague (1994) in
western Canada.

Finally, our study shows that a careful interpretation of
old maps, aerial photos and field observations enables not
only a qualitative description of historical and recent out-
burst floods but also an estimation of the peak discharge
and a rough computation of the discharge curves by means
of a physically based model.
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