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Predicted response of the calving glacier Svartisheibreen,
Norway, and outbursts from it, to future changes in climate
and lake level
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ABSTRACT. The Svartisheibreen glacier in northern Norway has been investigated
since 1988 in connection with a proposed hydropower scheme. The scheme includes regu-
lation of the lake into which the glacier calves. A one-dimensional flow model has been
used to estimate the response of the glacier to changes in mass balance and lake level.
The model predicts that a net balance, excluding calving, of O ma "will cause the glacier
to retreat approximately 400 m over 50 years if lake level is maintained at 774 m a.s.1., but
that the glacier front will not move significantly if lake level is lowered to 720 mas.l. In
1989 and 1991, lake outbursts occurred beneath the glacier. The 1991 outburst was moni-
tored, and culminated in a peak discharge of only 3.5 m”s ', much less than for other re-
ported outbursts. This outburst can be explained in a model in which the outburst tunnel
passes over a subglacial threshold approximately 70 m behind the 1991 calving front. The
model shows that outbursts will probably increase dramatically in size if the front retreats
beyond this threshold.

INTRODUCTION

; ﬁw‘ SVARTISHEIBREEN
Svartisheibreen is a small calving valley glacier of 5.5 km* &

1533ma.sh.
Yy

close to Svartisen in northern Norway (Fig. 1). Aerial photo- A

graphs show that the lake Heiavatnet, into which the glacier
calves, first appeared between 1945 and 1968. Lake size has
increased significantly from 0.04km” in 1968 to 030 km”
currently. The glacier has been a focus of scientific investiga-
tion since 1988 in connection with a proposed hydropower
development. The lake normally drains over a rock thresh-
old R (Iig. 1) where a water intake (I1) is planned; however,
the plans include the option of artificially lowering lake level
via a lake intake. In May 1989, lake level was observed to
have dropped since the previous winter. This can only be
due to an outburst beneath the glacier tongue and out Haiavagne

through a gully G (Fig 1) at the southern margin of the 774mals),
glacier and about 500 m from the lake; this is believed to be
the first outburst since before the 18th-century Little Ice
Age. Lake level was subsequently logged and a second out-
burst was recorded in 1991. This event was undramatic com- i i
pared with other documented outbursts (e.g. Clague and
Mathews, 1973), taking 5d or so to reach a peak discharge
of only 35m”s . The 1991 outburst is not detectable in the

Fig. 1. Svartisheibreen in northern Norway, showing positions
hydrograph at the Berget discharge station 18 km down- of rock threshold R, gully G and proposed intake I1. Arrows
stream from G. Similarly, the 1989 event cannot be seen in indicate ice-velocity vectors at stakes S (44m H-f)’ 2
the Berget hydrograph, suggesting that this was also a low- (I6ma’) $3 (33;" a’) 84 #5ma’) and S5 (44ma .
discharge event. To date these are the only two outbursts Contours are of surface elevation in m a.s.l.
that have occurred from Heiavatnet.

The future development of Svartisheibreen and Heia-
vatnet is of great importance to the power scheme, which

would operate for at least 40 years. Outburst floods from

" Present address: National Remote Sensing Centre, South- Heiavatnet, which is currently the largest ice-dammed lake
wood Crescent, Farnborough GU14 ONL, England in Norway, are a potential hazard, and divert water away
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Fig. 2. Bed topography of Svartisheibreen. Contours are in
ma.s.l.

from intake Il. Models of glacier motion and lake outbursts
have therefore been used to estimate possible changes to the
Svartisheibreen, Heiavatnet and lake outbursts over the
coming decades.

FUTURE CHANGES TO GLACIER GEOMETRY

Measurements of ice thickness, mass balance and ice velo-
city were used Lo construct a numerical model of the present
glacier, in order to predict the response of the glacier to
future change in climate and lake level. The bed topography
(Fig. 2), obtained in 1990 using radar (Kjellmoen and
Kennett, 1995), shows a deep trough below normal lake level
stretching over 2 km up-glacier from the lake. Mass balance
was measured for the seven mass balance years 1988-94, for
which the average yearly specific winter; summer and net bal-
ances (excluding calving) were +3.11, ~256 and +0.55m
(water equivalent), respectively. However, measurements of
glacier surface elevation and front position show that glacier
geometry has remained reasonably stable during the mea-
surement programme. We estimate therefore that average
055ma '

calving is equivalent to approximately mass

balance, i.e. 3.0 x 10° ma! (water) volume. Ice surface
velocity was measured from 1990 to 1994 using a series of
stakes, and velocity vectors are shown in Figure 1.

A time-dependent one-dimensional flow model based on
that of Bindschadler (1982) has been used. The model calcu-
lates glacier surface profile vs time from continuity and a
simplified flow law. The three-dimensional nature of a
glacier is approximated by parameters which take account
of [riction {rom valley sides. The model used here includes a
calving component (Laumann, 1987) in which the calving
rate is related to water depth at the calving front. Funk and
Réthlisherger (1989) deduced empirically a linear relation-
ship between calving speed u,. (in ma Y and water depth
H, (m) averaged across the calving front:

u.=19H, + 12, (1)
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However, the development of Heiavatnet since 1968 is con-
sistent with a calving speed given by

e = 0.6Hy . (2)

This much-reduced calving activity is not unreasonable
since Helavatnet 1s ice-covered for all but a few weeks of
the year and contains a large number of icebergs, so water
circulation is minimal and water temperature is maintained
at0°C.

The model was tuned for Svartisheibreen using data on
glacier geometry, mass balance (using also data from Enga-
breen, 13 km further north, prior to 1988) and ice velocities,
and was then run for combinations of three mass-halance
and two lake-level scenarios: net balance excluding calving,
Bl equal to +1,0 and —1ma ]; and lake level equal to 774
and 720 m a.s.l. A separate mass-balance model (Laumann
and Reeh, 1993) shows that an increase in net balance of
Ima ' on Svartisheibreen would result from a change in
air temperature throughout the year of approximately
~1.2°C, or in precipitation of approximately +30%. The
results in Figure 3 show that by =~ 05ma 'is required to
maintain the current front position with a lake level of
774 ma.s.l., consistent with measurements. A balance of
by’ = 0ma ' would cause a steady retreat due to calving
loss. This retreat is likely to be more pronounced over the
first 5 years or so, as thinning would cause the lower part of
the tongue to float and break off.
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Fig. 3. Predicted front position for Svartisheibreen relative lo
1985 position for lake level = 774 ma.s.l. (above) and
720 m a.s.L. ( below ), and for b = +Ima "(da.slred!z}ze.f},
0 ( solid lines ) and —I'm a { (dotted lines ).

PREDICTION OF LAKE OUTBURSTS

Glacier outbursts can represent a serious hazard. Hydro-
graphs typically show a discharge which increases rapidly
up to several hundred or thousand m®s ™, followed by a
sharp cut-ofl (e.g. Clarke, 1982; Bjornsson, 1992). The water-
level record and derived discharge for the 1991 Heiavatnet
event are shown in Figure 4. Discharge rose slowly over ap-
proximately 5d, culminating in a peak of only 3.5 m?s
The cut-off, although more rapid than the rise, is still not
sharp. Lake level did not return to 774 ma.s.l. until May
1992. In order to explain this small outburst and predict
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This compares with tunnel growth rates of up to 50%d "’

775 +
774 L during simulations of outbursts from Heiavatnet. Finally
3 e Simulation ; ;
;‘? o lake level H is related to discharge by
Em AH _ Qu—Qc— Qou "
E i o dt Ap
g 770 1 where @i, 1s the rate of inflow to the lake from its catchment,
é Qous is the outflow rate by means other than through the
769 1 outburst tunnel (i.e. discharge over the rock threshold R in
768 0000000000¢ the case of Svartisheibreen), and Ay is lake area. The time
15-Mar 22-Mar 29-Mar 05-Apr 12-Apr 19-Apr 26-Apr evolution of an outburst is solved using these equations in a
Date simple computer program in which melt rate is assumed to
be constant along the length of the tunnel. Discharge data
from other outbursts suggest that n 1s 0.08-0.12 m 3 (Nye,
4 1976; Clarke, 1982; Bjornsson, 1992). Model M1 gives a good
o Data fit to observed water-level records for outbursts from Hazard
i~ 3 Ll Lake using the parameters used in the model of Clarke (1982),
K despite the relative simplicity of M1. However, in a simulation
E— 2 of the 1991 Heiavatnet event using n=0.105 m~3s and
- T, = 0°C, model Ml predicts a peak discharge of 26 m”s ',
'§ much larger than the observed peak of 3.5m”s . An unrealis-
a o tically large roughness of n = 0.9 m s is required to repro-
15-Mar 22-Mar _ 29-Maf Oﬁbgpr 12-Apr 1%-Apr °26-Apr duce the observed discharge. In addition, this simulation
=1 produces a discharge curve with a positive second derivative

Date with respect to time until discharge stops abruptly, unlike the
observed curve (Fig. 4).

To explain the very low discharge from Heiavatnet, an
alternative model, M2 (Fig. 5b), with a subglacial threshold
T, has been developed. Here we assume that the threshold
has an elevation equal to the water-level Hs at the end of
the outburst. We expect that water pressure at T will be
equal to atmospheric pressure if the slope in elevation from

Fig. 4. Waler level in Heiavatnet ( above) and derived net dis-
charge (‘below) from the lake during the 1991 outburst event
(circles), and results of simulation using model M2 with
n=0105m3s5,8=70m Q= 03m’s '\ H, = 774m,
Hy = 768m, 4 = 300000 m® Ty = 0°C ( solid line). The
discharge data  values are caleulated from @ =
— Ay dH /dt, thus increases in lake level produce the appar-

ent negative discharges.

the magnitude of future outhursts as front position changes,
a simple outburst-simulation model was developed. Model
Ml (Fig. 5a) consists of a cylindrical tunnel with a single
straight section. Discharge (). through such a tunnel with
cross-sectional area A is given by

Ai(—dZy/ds)

Q. = 1 (3)
(4m)n
(Clarke, 1982), where
B
Zh | + Pwd (4) alevation

1s hydraulic head elevation, s is distance along the tunnel, n
is Manning roughness coefficient, P, is water pressure, py, 1s
water density, and g is acceleration due to gravity. We as-
sume that all potential and thermal energy in the water is
used to melt tunnel walls such that the tunnel is enlarged at
a rate given by

E o 7QCPW((gth/dS) + (CdTw/dg)) (5)
dt Lp;

where p; is ice density, T}, is water temperature, C' is the spe-
cific heat capacity of water and L is the latent heat of melt-
ing of ice. We assume here that closure rates are negligible
compared to melt rates. For Svartisheibreen, effective pres-
sure (ice overburden pressure less water pressure) in the out-
burst tunnel is probably no more than 5 bar, so closure rates
(relative change in tunnel diameter) are less than 3% d ",
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Fig. 5. Schematic diagrams of conceptualized outhurst tunnels
(a) with a single straight section, and (‘b)) with a subglacial
threshold T. H, lake level at time t; Hyand H,, lake level at
start and end of outburst; Hy, elevation of ( effective ) outlet;
Zy, hydraulic head elevation along tunnel; Qiy, input into
lake; Q., discharge through outburst tunnel; I and O, tunnel
start and end; W, waterline on calving front.
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T toW is less than that from O to T (Fig. 5b). This is because
the energy available for melting tunnel walls betweenI'and
O will then be more than sufficient to maintain an open
conduit (Hooke, 1984). The effective outlet is thus at T, such
that it is the section from I to'T" that controls the discharge,
with § equal to the distance I-'T, and Hy = Hs. Very good
fits to the observed hydrograph can be obtained from model
M2 for 60m < § < 80m with T, = 0°C, Qi < 1m?s!
and 008 < n < 012, with the best fit for Qi = 03 m*s ",
Such an input into Heiavatnet is quite reasonable in April.
Simulated discharge and lake-level curves are shown in Fig-
ure 4. We conclude that the 1991 outburst tunnel passed over
a subglacial rock threshold T approximately 70 m from the
calving {ront.

The exact path of the tunnel is unknown, but such a tun-
nel can only exist close to the southern edge of the glacier
between Heiavatnet and G (Fig: 2). The bed topography is
not mapped accurately enough to localize the supposed
threshold T, but the map indicates that T must lie closer to

Table I Results from model M1 for Hetavalnel withoul a
subglacial threshold for vartous values of lowest lake level
H,. V, total water volume through outburst tunnel; Qyax,
peak discharge through tunnel; ty.x, time lo peak discharge
after discharge has passed Im” s '. Other model parameters
as in model M2 simulation in Figure 4 except Hy= 700 m,
S=500m

H_’ l/ QIIIHX L[ll&lx
ma.s.l. % 10°m? ma! h
768 1.8 26 71
760 42 66 86
750 72 115 96
740 10.2 146 102

the lake than to G, which 1s consistent with the results of the
modelling, The outburst release mechanism is not known,
but meteorological data from Glomfjord, approximately
20km north of Svatisheibreen, show that an unusually
warm period began on 3 April 1991 and lasted for 10 d. One
possibility therefore is that this caused the opening of a sub-
glacial channel which was then captured by the lake around
7 April. The ice surface slopes steeply towards the margin
between gully G and the lake such that we expect a concen-
tration of normal subglacial drainage close to the margin
here. The timing of the 1989 outburst is unknown, but a
similar warm period occurred in April of that year.

The possibility and magnitude of future outbursts de-
pends on changes to glacier geometry. A thinning of the ice
dam around T will increase the likelihood of an outburst
since the ice dam will come closer to flotation. However,
major changes will occur if the front retreats, as is predicted
if the climate returns to pre-1989 conditions with b,
Oma ' (Fig. 3). We suppose that the outburst will find ways
around the threshold Tas the glacier retreats, such that the
situation will become that of other outbursts (model Ml, Fig,
Ha). Table I gives results from model M1 for Heiavatnet with-
out a subglacial threshold, and shows that peak discharge
may increase dramatically to over 100m”s '. Here we have

—~
~
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made the approximation that lake area Ay, is constant as
water level drops, but have not taken account of the fact that
A will increase and hydraulic head gradient will steepen as
the glacier retreats. The values in the table are therefore
highly approximate. The results show nevertheless that
future outbursts may become a significant hazard.

CONCLUSIONS

The appearance of Heiavatnet after 1945 has had a large
effect on Svartisheibreen, particularly since 1968 with
increased calving due to greater water depth at the calving
front as the glacier has retreated. This retreat has halted
since 1989 due to a consistent positive net balance over the
upper surface of the glacier, which has been enough to coun-
terbalance the large amount of calving at the front. How-
ever, measurements of ice thickness suggest the glacier
front is still in an unstable position, with further retreat
causing deeper water at the front and thus increased cal-
ving. The glacier response so far is consistent with the results
of a one-dimensional time-dependent flow model. This
model shows that the glacier will retreat steadily well into
the next century if net balance (excluding calving) is zero
and lake level remains at 774 ma.s.l., with an initial more
rapid retreat over the first 5 years or so. Front position can
be controlled to a certain extent by regulating Heiavatnet.

Lake outbursts have occurred in 1989 and 1991 but in
none of the other years since the measurement programme
began in 1988. These are probably the only two outhursts
beneath Svartisheibreen since before the 18th-century Little
Ice Age, so we are fortunate to have data from one of them.
The 1991 outburst reached a maximum discharge of only
35m”s ' as lake level dropped by 6 m. The uncharacteristi-
cally low peak discharge has been explained using a simple
model of the development of the outburst channel, which in-
cludes a subglacial threshold with an elevation equal to lake
level at the end of the outburst. This threshold is believed to
be approximately 70 m behind the 1991 calving front. Using
the model it has been shown that outhursts may increase
dramatically in size if the glacier retreats to this threshold
and beyond. If Svartisheibreen retreats, outbursts will be-
come more likely, possibly occurring every year. Further re-
treat will lead to larger outbursts which will probably occur
before lake level has reached 774 m a.s.l., such that an intake
at Il (Fig. 1) would be permanently dry, Thus, Svartishei-
breen would seem to be in a transition phase between no
outbursts and yearly outbursts,

The outbursts that have occurred at Svartisheibreen
would almost certainly not have been noticed had it not
been for the measurement programme on the glacier. This
raises the possibility of similar unnoticed small outbursts
beneath other glaciers.
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