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Jokulhlaups in Iceland: prediction, characteristics 
and simulation 
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ABSTRACT. Jokulhlaups drain regularly from six subglacial geothermal areas in 
Iceland. From Grimsvotn in Vatnajokull, jokulhlaups have occurred at 4 to 6 yearly 
intervals since the 1940s with peak discharges of600 to 10000 m3 

S-l, durations of2 to 
3 weeks and total volumes of 0.5 to 3.0km3

. Prior to that
3 

about one jbkulhlaup 
occurred per decade, with an estimated discharge of 5 km of water and a peak 
discharge of approximately 30000 m3 s-l. Clarke's (1982) modification of Nye's 
(1976) general model of discharge of jokulhlaups gives , in many respects, satisfactory 
simulations for jokulhlaups from Grimsvotn; the best fit being obtained for Manning 
roughness coefficients n = 0.08 to 0.09 m- /3 s and a constant lake temperature of 
0.2°C (which is the present lake temperature). The rapid ascent of the exceptional 
jbkulhlaup of 1938, which accompanied a volcanic eruption, can only be simulated 
by a lake temperature of the order of 4°C. 

Jbkulhlaups originating at geothermal areas beneath ice cauldrons located 10 to 
15 km northwest of Grimsvotn have a peak discharge of 200 to 1500 m3 

S- l in I to 3 
days, with total volume of 50 to 350 x 106 m3

, and they recede slowly in I to 2 
weeks. The form of the hydrograph has reversed asymmetry to that of a typical 
Grimsvotn hydrograph. The reservoir water temperature must be well abov·e the 
melting point (10 to 20°C) and the flowing water seems not to be confined to a tunnel 
but to spread out beneath the glacier and later gradually to collect back to conduits. 

Since the time of the settlement ofIceland (870 AD), at least 80 subglacial volcanic 
eruptions have been reported, many of them causing tremendous jokulhlaups with 
dramatic impact on inhabited areas and landforms. The peak discharges of the 
largest floods (from Katla) have been estimated at the order of 100000 to 
300000 m3 

S· l , with durations of 3 to 5 days and total volume of the order of I km3
. It 

is now apparent that the potentially largest and most catastrophic jokulhlaups may 
be caused by eruptions in the voluminous ice-filled calderas in northern Vatnajbkull 
(of Bardharbunga and Kverkfjbll) . They may be the source of prehistoric 
jokulhlaups, with estimated peak discharge of 400 000 m3 

S-l. 

At present, jokulhlaups originate from some 15 marginal ice-dammed lakes in 
Iceland. Typical values for peak discharges are 1000 to 3000 m3 sot, with durations of 
2 to 5 days and total volumes of 2000 x 106 m3

. Hydrographs for jokulhlaups from 
marginal lakes have a shape similar to those of the typical Grimsvotn jokulhlaup. 
Simulations describe reasonably well the ascending phase of the hydrographs 
assuming a constant lake temperature of about 1°C; but they fail to describe the 
recession. Some floods from marginal lakes, however, have reached their peaks 
exceptionally rapidly, in a single day. Such rapid ascent can be simulated by 
assuming drainage of lake water at 4 to 8°C. 

An empirical power-law relationship is obtained between peak discharge, Qmax, 
and total volume, vt't of the jokulhlaups from Grimsvotn: Qmllf = K~b, where Qmax 
is measured in m3 s- , vt in 106 m3, K = 4.15 X 10-3 sol m- .52 and b = 1.84. In 
general, the jbkulhlaups (excepting those caused by eruptions) occur when the lake 
has risen to a critical level, but before a lake level required for simple flotation of the 
ice dam is reached. The difference between the hydrostatic water pressure 
maintained by the lake and the ice overburden pressure of the ice dam is of the 
order 2 to 6 bar. 

INTRODUCTION 

Glacier-related floods, jokulhlaups, are frequent in 
Iceland. They can be traced to (I) subglacial lakes at 
geothermal areas, (2) meltwater drained during volcanic 
eruptions and (3) marginal ice-dammed lakes. Jokul
hlaups are major events; they may profoundly affect the 

landscape, and they threaten human life and property. In 
Iceland, jokulhlaups have caused the loss of lives, ruined 
farms and cultivated land, and devastated large vegetated 
areas. They threaten roads, bridges and hydroelectric 
power plants on glacier-fed rivers. Their effects on the 
landscape are seen in the erosion of large canyons and in 
the transport and deposition of sediments over outwash 
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plains. Knowledge of the sources and behaviour of 
jokulhlaups is essential for advance warnings, preventive 
measures and civil defence in Iceland. 

In Iceland, records of the occurrence of jokulhlaups 
going back centuries are recorded in annals and in 
various medieval documents, the oldest reference being to 
an event which occurred around 1330 AD (Thorarinsson, 
1974). Since the 1930s, jokulhlaups have been monitored, 
and data are available on their frequency, duration and 
impact (Thorarinsson, 1939, 1953, 1965, 1974; Rist, 1955, 
1967, 1973, 1976a, b, 1981, 1984; Kristinsson and others, 
1986; Bjornsson, 1974, 1975, 1988). Hydrographic 
measurements have been taken and peak discharges 
estimated. The sources of the joku1hlaups have been 
pinpointed and data obtained on the variation in lake 
levels and the elevation of ice dams. Such data have been 
used for predicting the timing of jokulhlaups from 
Grimsvotn. This lake is a source of frequent, large and 
often catastrophic floods. Bjornsson (1974, 1975, 1988) 
has discussed how the subglaciallakes are formed and the 
conditions which obtain at the beginning of jokulhlaups. 

Attempts have been made to simulate theoretically 
several Icelandic jokulhlaups (Nye, 1976; Spring and 
Hutter, 1981; Clarke, 1982). After developing his general 
theory, Nye (1976) simulated, as a case study, the 
hydrograph of the 1972 jokulhlaup from Grimsvotn. 
Spring and Hutter (1981) made an attempt to describe 
the same hydrograph by numerical modelling. Further, 
Clarke (1982) developed models which are relevant to 
this problem. 

During the last few years, the geometry of the 

subglacial sources of jokulhlaups and their drainage 
channels has been mapped in detail using radio-echo 
soundings (Bjornsson, 1988). This has provided data on 
the subglacial water pressure maintained by the lakes and 
the ice overburden pressure at the ice dams, which can be 
used for studying conditions at the onset of jokulhlaups. 
Further, data on the lake volumes and the volume 
distribution with elevation and the geometry of the ice 
dams have been obtained (Bjornsson, 1988, p. 77) and 
readings taken of the water temperature in Grimsvotn 
(unpublished data of the Science Institute). Hence, work 
on theoretical prediction of the hydrographs and the total 
volumes of the jokulhlaups, which was put aside in the 
early 1980s due to lack of boundary conditions in the 
numerical computations (i.e. unpublished work by H. 
Bjornsson and T. J6hannesson), can be resumed. 

The present paper gives an overview ofjokulhlaups in 
Iceland and, by the use of selected data, seeks to analyze 
the processes that cause the triggering of jokulhlaups and 
their drainage. 

SOURCES OF JOKULHLAUPS IN ICELAND 

Subglacial lakes 

Jokulhlaups occur regularly from subglacial lakes in the 
neovolcanic zone (Thorarinsson, 1953; Bjornsson, 1988). 
Geothermal heat melts ice at the glacier bed contin
uously, and the meltwater is trapped in a lake at the bed. 
The melting creates a depression in the glacier surface, 
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Fig. 1. Location of subglaciallakes at geothermal areas and sites of subglacial volcanic eruptions in Iceland, and rivers 
affected by jokulhlaups in historical times. 
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Table 1. Selected subglacial lakes in Iceland and typical values Jar their Jokulhlaups (all elevations are given in m above 
sea level) 

Grimsvo'tn Grimsvo'tn East Skajtd 
cauldron 

before 1940 after 1940 since 1955 

Maximum lake area (km2
) 30 17-30 7 

Period (a) 7-10 4-6 2- 3 
Duration (week) 1-2 2-3 I 
Peak discharge (103 m3 

S·l ) 30-40 2- 10 1- 1.5 
Volume (109 m3

) 4-5 1- 3 0.3 
Initial lake-level elevation, Ziw 1440-1450 1420- 1450 1610 
Final lake elevation, Zfw 1280- 1300 1300- 1350 1500 
Mean ice-shelf thickness (m) 150 150- 250 400 
Length of drainage tunnel (km), It 50 50 43 
Glacier-surface elevation at seal, Zss 1520-1540 1530-1540 1650 
Glacier-bed elevation at seal, Zsb 1050 1050 1140 
Distance from lake to seal (km), ls 2-2 .5 3.5 0.4 
Elevation of tunnel outlet, Zt 100 100 650 
Lake geometry Fig. 2 Fig. 2 # 
Rivers (Fig. I) Skeidani, Gigja, Sula Skafta 
Reference (see below) 

# a bowl-shaped cupola 
(a) Thorarinsson, 1974 

(a) 

(b) Rist, 1955, 1973, 1976a, b, 1984; Kristinsson and others, 1986 
(c) Bjornsson, 1988 
(d) Rist, 1967 

(a), (b), (c) (b) 
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and the lake is sealed by the high ice overburden pressure 
on a rim around the depression. However, ice and water 
flow towards the centre of the depression and meltwater 
accumulates in the lake until the seal is broken, water 
rushes out, and a jokulhlaup is initiated. Six subglacial 
lakes are known beneath Vatnajokull and at least three 
beneath Myrdalsjokull (Fig. I). Table I gives some values 
on the geometry of selected lakes and typical values for 
the jokulhlaups which originate from them. Figure 2 gives 
hypsometric data for Grimsvotn. 

1500 r---~---'----...---'----'-----' 

Jokulhlaups have been reported from Grimsvotn for 
the last six centuries. In the most violent jokulhlaups, the 
entire outwash plain, Skeidhararsandur, has been 
flooded. During the last century and up to the 1940s, 
jokulhlaups from Grimsvotn were larger than they have 
been during the last 50 years. Since the 1960s, these 
jokulhlaups have become smaller as the volume of the 
lake has diminished. The area of the lake has become 
smaller and the floating ice shelf thicker due to reduced 
subglacial melting (Bjornsson, 1988). 

Since 1955, twenty jokulhlaups have originated in two 
geothermal areas beneath the Skafta ice cauldrons (Fig. 
1), located 10 to 15 km to the northwest of Grimsvotn 
(Bjornsson, 1977, 1988). They drain to the river Skafta. 
Since 1980, jokulhlaups have occurred in the river 
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Fig. 2. Area distribution with elevation Jor Grzmsviitn. 
Based on inJormation on the thickness of the ice cover and 

the surface topography (Bjo,nsson, 1988; Gudhmundsson, 

1989; unpublished work by M. T. Gudhmundsson and H. 
Bjo'rnsson) . 
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Kaldakvisl from a cauldron west of the Skaftci caul
drons. Every year jokulhlaups occur from a small lake 
(0.1 km2

) in the Kverkfjoll geothermal area in northern 
Vatnajokull. A small subglacial lake is found in the 
Palsfjall area 20 km southwest of Grimsvotn, but no 
observations have been obtained of its jokulhlaups. From 
Myrdalsjokull, jokulhlaups from small subglacial lakes 
drain frequently towards the southeast into the river 
Mulakvisl (e.g. in 1955) and north into the south Emstrua 
river (Fig. 1). 

Volcanically triggered floods 

About 60% of glaciers in Iceland are underlain by the 
active neovolcanic zone, and since 870 AD more than 80 
subglacial volcanic eruptions have been reported (Fig. I). 
For Vatnajokull, 63 certain and 13 questionable volcanic 
events have been reported in historical times. New 
knowledge on the topography of the surface and the 
bottom of Vatnajokull makes it possible to trace 
jokulhlaups in various rivers to their possible volcanic 
sources (Bjornsson and Einarsson, 1991). Volcanic 
activity in historical times has been associated mainly 
with the Grimsvotn and Bardharbunga systems. In 
Grimsvotn, the most active volcanic centre of Vatna
jokull, some eruptions may have been triggered by the 
pressure release above the volcano subsequent to the lake 
level falling about 100 m in a jokulhlaup. 

The rivers Skeidhara and Sula have the most frequent 
eruption-related jokulhlaups. They receive meltwater 
from the Grimsvotn caldera and the area to the 
southwest of it, including Th6rdharhyrna. Nupsvotn 

o 

may receive meltwater from eruptions on the southern 
flanks of Th6rdharhyrna. Djupa drains meltwater from 
the western slopes of Th6rdharhyrna. Jokulhlaups in 
Hverfisflj6t may originate from eruptions in the Palsfjall 
area. Skafta drains the area west of Grimsvotn. Jokul
hlaups in Kaldakvisl must originate in the Bardharbunga 
or the Hamarinn volcanic systems. The only possible 
source for volcanic jokulhlaups in Skjalfandaflj6t is the 
northern part of the Bardharbunga system. Jokulsa a 
Fjollum may receive meltwater from activity in all the 
volcanic systems in northern Vatnajokull between 
Bardharbunga and Kverkfjoll towards the northern part 
of the Grimsvotn system. The potentially largest and most 
catastrophic jokulhlaups may be caused by eruptions in 
the voluminous, ice-filled calderas of Bardharbunga and 
Kverkfjoll (Bjornsson, 1988; Bjornsson and Einarsson, 
1991). They may be the source of prehistoric joku1hlaups 
inJokulsa a Fjollum, with estimated peak discharges of up 
to 400 000 m3 s·! (T6masson, 1973, 1990) that eroded the 
deep canyons inJokulsa a Fjollum. Kreppa and Jokulsa a 
Bru may receive meltwater from volcanic activity on the 
eastern flank of a ridge that strikes south from KverkfjOll. 

Seventeen volcanic eruptions have been traced to 
Katla in Myrdalsjokull, all causing tremendous jokul
hlaups with dramatic impact on inhabited areas and 
landforms. The peak discharge of the floods of duration 3 
to 5 days has been estimated at 100000 to 300000m3 s· 1 

and the total volume of the order of 1 km3 (Thorarinsson, 
1957,1975; Maizels, 1989, 1991). The flood consists ofa 
hyperconcentrated fluid-sediment mixture U 6nsson, 
1982; Maizels, 1989). M yrdalssandur, and the adjacent 
S61heimasandur, and Sk6gasandur have to a large extent 

VATNAJOKULL 

• Marginal ice dammed lake 

I Jbkulhlaup routeway 

Fig. 3. Location of ice-dammed marginal lakes in Iceland and rivers affected by jiikulhlaups from these lakes during the 
20th century. 
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been accumulated in floods caused by volcanic eruptions 
of the ice-covered volcano Katla in Myrdalsjokull (Fig. 
I). During the last eruption in 1918, ajokulhlaup moved 
the coastline seawards by 200 m, and this coastline now 
lies 2.2 to 2.5 km further south than it did in 1660. 

Eruptions in Orrefajokull in the years 1362 and 1727 
and in Eyjafjallajokull in 1821-23 were all accompanied 
by catastrophic jokulhlaups (Thorarinsson, 1958, 1975). 
Small jokulhlaups due to melting of glaciers on the 
volcano Hekla took place during the eruptions of 1947 
(Kjartansson, 1951), 1970, and 1981 (P. Einarsson, 
personal communication, 1990). 

Monitoring of seismic activity gives warnings of 
volcanic activity, and maps of bedrock topography and 
glacier surface can be used to predict hazard zones due to 

jokulhlaups (Bjornsson and Einarsson, 1991 ). 

Marginal lakes 

At present, jokulhlaups originate from some 15 marginal 
ice-dammed lakes in Iceland (Fig. 3; Thorarinsson, 1939; 
Bjornsson, 1976). The thinning of glaciers, which began 
around the turn of the last century, initiated jokulhlaups 
from marginal lakes which during the 19th century had 
drained continuously over a col (e.g. Grrenal6n and 
VatnsdalsI6n). These floods caused much damage to 
farms and vegetated land (e.g. Vatnsdalson and 
Hagavatn). They were unexpected, and drained lakes 
which were filled to their maximum capacity. During the 
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later glacier recession, jokulhlaups have become more 
frequent (occurring once, even twice, a year), although 
gradually becoming smaller in volume due to the 
thinning of the ice dams. This trend has been manifested 
in successive lowering of shorelines in marginal lakes. 
Also, the number of ice-dammed lakes generating 
jokulhlaups has been greatly reduced, and the subse
quent damage largely limited to roads and bridges. In a 
few instances, this trend has been interrupted by the 
thickening of ice dams during surges and temporary 
formation of new ice-dammed lakes (e.g. Hamarsl6n after 
surges of the outlet Koldukvislarjokull in northwest 
Vatnajokull, draining to Kaldakvisl (Fig. 3)). The 
advance of some steep and active glacier outlets during 
a cold spell in the 1970s has dammed ravines at the 
glacier margin .which have dumped small jokulhlaups. 
This has occurred, for instance, at S6lheimajokull, a 
south-facing outlet of M Yrdalsjokull. 

In general, the impact of the present-day jokulhlaups 
from ice-dammed marginal lakes is small compared with 
those which eroded several large canyons in Iceland at 
the end of the last glacial period (T6masson, 1973, 1990). 

Table 2 gives some values on the geometry of three 
marginal ice-dammed lakes and typical values for the 
jokulhlaups which originate from them. The two columns 
for the lakes Gnenal6n and Vatnsdalsl6n show changes in 
the size of jokulhlaups in this century. Hypsometric data 
for Gnenal6n were published by Bjornsson and Palsson 
(1989). 

Table 2. Selected marginal lakes in Iceland and typical valuesfor their J iikulhlaups (all elevations are given in m above sea 

level) 

GrtEnalon Vatnsdalslon GJdmlpsvatn 

1898-c. 1940 after 1950 1898 1974 1951 

Maximum lake area (km2
) 22.5 16 1.9 

Period (a) 0.5- 1 0.5- 1 0.5- 1 
Duration (week) I I 1/7 0.6 I 
Peak discharge (103 m3s-1 ) 4--5 1.5-2 3 0.7 0.37 
Volume (109 m3) 1.5- 2 0.2-0.5 120 x 10-3 37 X 10-3 20 X 10-3 

Initial lake-level elevation, Ziw 640 590 464 350 227 
Final lake elevation, Zfw 450 560 350 300 200 
Length of drainage tunnel (km), it 20 20 7 7 4.5 
Glacier-surface elevation at seal, Zss 700 c. 620 370 370 
Glacier-bed elevation at seal, Zsb c.580 ? 230 230 
Distance from lake to seal (km), is 2.5 0 I 
Elevation of tunnel outlet, Zt 90 90 90 100 60 
Lake geometry (d) 
Rivers (Fig. 3) Sula Kolgrima Hornafjardarfl j6t 
References (see below) (a) (b) (a) (b) (c) 

(a) Thorarinsson, 1939 
(b) Rist, 1973, 1976b, 1981 , 1984 
(c) Arnborg, 1955 
(d) Bjornsson and PaIsson, 1989 
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THE DISCHARGE OF JOKULHLAUPS FROM 
VARIOUS ICE-DAMMED LAKES 

During the last 60 years, discharges of many jokulhlaups 
have been estimated. Early estimates were based on 
eyewitness accounts of the width, depth and slope of the 
flood and, in some cases, the surface velocity. The 
Manning formula was used to compute the discharge. 
The absolute accuracy of the computed discharge is about 
20%, but relative accuracy is better, and the forms of the 
hydrographs are considered quite reliable (Thorarinsson, 
1939, 1953, 1965, 1974; Rist, 1955, 1973, 1976a, b; 
Bjornsson, 1988). Some of the earlier hydrographs of 
jokulhlaups from Grimsvotn have now been scaled down 
using new estimates of the total water volume drained out 
of this lake (unpublished work by M. T. Gudhmundsson 
and H. Bjornsson), assuming that the original form of the 
hydrographs was correct. For the last two decades some 
jokulhlaups (e.g. in Skafta and from some marginal lakes) 
have been recorded with limnigraphs, and after 1976 the 
hydrographs of the Grimsvotn jokulhlaups have been 
constructed from measurements from the bridges on 
Skeidhararsandur (Rist, 1976a; Kristinsson and others, 
1986) . 
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Fig. 4. Typical hydrographs of jiikulhlaups from 
Grimsviitn in Vatnajiikull (Thorarinsson, 1974; Rist, 
1955, 1973, 1984; Kristinsson and others, 1986). The 
jiikulhlaups up to 1986 are scaled down according to new 
estimates of the total volume (unpublished work by M. T. 
Gudhmundsson and H. Bjiirnsson). 
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Fig. 5. Typical hydrographs from the subglacial ice
dammed lake beneath Skajtd cauldron, the jiikulhlaup from 
Grimsviitn in 1938 and the Katla area in 1955 
(Thorarinsson, 1974; Rist, 1967, 1976b). 
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Hydrographs for jokulhlaups from three subglacial 
lakes are shown in Figures 4 and 5. The typical 
hydrographs of jokulhlaups from Grimsvotn rise approxi
mately exponentially, but, having reached the peak, the 
discharge falls more rapidly (Fig. 4). The duration of the 
larger floods tends to be shorter than that of the smaller 
ones. In 1934 and 1945, the floods reached their peak in 
one week and subsided in two days. The smaller 
jokulhlaups peak in 2 to 3 weeks, and most of them 
terminate in about one week. In general, the slope of the 
rising limb has gradually become lower. In all cases, the 
jokulhlaups end before Grimsvotn is empty (Bjornsson, 
1974, 1988). 

The typical hydrograph for jokulhlaups from the 
eastern Skafta cauldron (Fig. 5) is quite different from 
that for Grimsvotn. It rises rapidly, in 2 to 3 days, to a 
maximum of 1000 to 1500 m3 S-l and recedes slowly in 1 to 
2 weeks. Its form has, in these respects, a reversed 
asymmetry of the typical Grimsvotn hydrograph. 

The hydrograph of the jokulhlaup from the Katla area 
in Myrdalsjokull in 1955 represents the third type of 
jokulhlaup, with an extremely rapid rise (Fig. 5). This 
jokulhlaup reached a maximum discharge of 2500 m3 s-l 
in 20 h and subsided slowly over a period of about three 
weeks (Rist, 1967). Thorarinsson (1957) suggested that 
this hydrograph represented the form of the large 
jokulhlaups caused by volcanic eruptions in Katla, 
which reach peak discharge on the order of 100000 to 
300000 m3 S-l in one day. In such catastrophic jokul
hlaups, however, the floods break up the ice dam and flow 
over it, while in the jokulhlaup of 1955 the lake drained 
through subglacial tunnels that were melted and 
expanded gradually, although the burst was probably 
triggered by a small eruption . 

In one exceptional case, a jokulhlaup from Grimsvotn 
had a steep ascent and a slow recession like the 
jokulhlaups from the eastern Skafta cauldron and the 
Katla area. This was in 1938, when a peak of about 
30000 m 3 

S-I was reached in four days and the flood 
receded in one week (Fig. 5). 

Figure 6 shows selected hydrographs for jokulhlaups 
from marginal lakes (Fig. 3). All the hydrographs have a 
shape similar to the typical Grimsvotn jokulhlaup. Some 

Fig. 6. Typical hydrographs of jokulhlaups from ice
dammed marginal lakes (Grt£nalOn, VatnsdalslOn 
(Thorarinsson, 1939; Rist, 1976b); Gjdmlpsvatn 
(Arnborg, 1955)), and ajiikulhlaup caused by a rockslide 
(Steinsholtshlaup (Kjartansson, 1967)). 
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floods from marginal lakes, however, have peaked with 
exceptional rapidity. In 1989 a flood from Vatnsdalsl6n 
(see Fig. 3) reached a peak of 3000 m3 

S-1 in one day, 
emptying the lake (Thorarinsson, 1939). Still another 
type of a hydrograph is shown in Figure 6. This is a flood 
from Steinsholtsl6n (Fig. 3), caused by a rock slide into a 
proglacial lake. In ten minutes, the flood reached a 
maximum of 2000 m3 

S-1 (Kjartansson, 1967). 
The processes creating the forms of these hydrographs 

will be discussed further in a later section. 

TRIGGERING OF JOKULHLAUPS 

Data for the conditions at the onset of jokulhlaups are 
available for Grimsvotn and to some extent for the ice
dammed lakes Gnenal6n and Vatnsdalsl6n (Thorarins
son, 1953; Bjornsson, 1974, 1988). As ice flows into the 
Grimsvotn depression and melts, the water level rises. In 
general, the jokulhlaups occur when the lake has risen to 
a critical level, as shown in Figure 7. This has been used 
to predict the timing ofjokulhlaups within a time interval 
of one year. At this lake level, however, ice overburden 
pressure at the ice dam is 6 to 7 bar higher than the basal 
hydrosta tic water pressure maintained by the lake. Thus, 
the jokulhlaups are not triggered by simple flotation of 
the ice dam. Figure 8 shows the difference between the 
basal water pressure and the ice overburden of the ice 
dam at the onset of the jokulhlaup in 1986. The ice dam is 
some 4 km wide. 

The sta tic model of the ice overburden and the basal 

rn asl. ---.--, .- , ·-,·--,r.--r--r-~~f" 

uso WATE R lEVEl OF GRiMSVOTN ,.. /1 / 1 
1400 / //I;/l( / /t/V 
1350 , ./ ',. !/ . ' . 

. ~. • Observed water level 
~/ 

1970 1975 

o Deduced "om the 
centl al ice shelf 

1980 Vear 1985 

Fig. 7. Variations of water level in Grzmsviitn since 1954. 
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Fig. 8. A map of Grimsviitn showing the difference 
between ice overburden pressure and basal water pressure at 
the onset of the jokulhlaup in 1986 (Bjo'rnsson, 1988). 
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water pressure does not account for weakness in the ice 
dam due to movements of the ice. Sudden changes in the 
discharge or the pressure gradients in the subglacial 
drainage system beneath the ice dam may cause unstable 
growth of the subglacial water conduits, thus producing 
jokulhlaups, as envisaged by Spring (unpublished work, 
referred to by Rothlisberger and Lang (1987), see their 
figure 10.17, p . 248). At the ice dam of Grimsvotn, basal 
meltwater could be released from vaults at spots of high 

geothermal activity (beneath small surface depressions) . 
The drainage would cause enlargement of the water 
conduits, and, when this drainage stops, a reverse flow 
could start from the lake in the very same conduits, 
leading to an ou tbreak of the lake. The jokulhlaups from 
Grimsvotn occur at any time of the year so that sudden 
changes in the subglacial drainage due to surface melting 
do not, in general, trigger the jokulhlaups. 

An increase in the lake temperature may create 
conditions accelerating unstable growth of conduits 
which drain the lake during jokulhlaups. Warming of 
Grimsvotn after a volcanic eruption in May of 1983 may 
be the reason for the outbreak of jokulhlaups at 
exceptionally low lake level in December 1983. Similar 
outbreaks at low levels in 1939 and 1941 (at 1330 and 
1350 m, respectively) may have been due to warming of 
the lake after an eruption in 1938 (Gudhmundsson and 
Bjornsson, in press). However, these floods may not have 
drained out of the lake bottom, as jokulhlaups generally 
do, but through watercourses along the slopes of 
Grimsfjall, which were opened up by localized melting 
due to geothermal heat (Bjornsson, 1988). 

From Figure 7 we see that the critical level at which 
jokulhlaups start has been rising slightly since 1960 (with 
two exceptions early in the 1980s). At the same time the 
height of the ice dam east of the lake has increased. The 
difference between the ice overburden at the centre of the 
dam and the basal water pressure sustained by the lake 
has remained almost constant (unpublished data of the 
Science Institute, University of Iceland). This indicates 

that a jokulhlaup is triggered when the pressure barrier 
has been reduced to a certain level, a level which has 
remained the same since the 1950s (except when we 
suspect conditions were changed by increased geothermal 
activity in the early 1980s). To this discussion we can add 
that jokulhlaups from the marginal lakes Vatnsdalsl6n 
and Grrenal6n, south Vatnajokull, are triggered when the 
ice overburden is respectively 2 and 4 to 5 bar higher than 
the basal hydrostatic water pressure maintained by the 
lakes (see Bjornsson, 1988) . On these glaciers the 
maximum thickness of the ice dam is 200 m for 
Vatnsdalsl6n, and 300 m for Gnenal6n, whereas it is 
550 m at Grimsvotn. This may indicate that the difference 
between the ice overburden and the basal water pressure 
at the onset of jokulhlaups tends to be greater when the 
the ice dam is thicker. 

SIMULATION OF DRAINAGE 

We will now consider what we can learn about the 
processes creating the various types of hydrographs with 
the aid of theoretical models of the drainage of 
jokulhlaups. 
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Data have now been obtained which enable testing of 
theoretical models for simulation of jokulhlaups. The 
water temperature at the river outlet has been measured 
at the melting point throughout several of the jokul
hlaups. Hence, we assume, along with Nye (1976) and 
Clarke (1982), that heat is transferred to the ice walls and 
is used for melting at a rate equal to the rate of release of 
potential energy by the flowing water. Clarke's (1982) 
modification of Nye's (1976) general model was used for 
the simulations. One straight cylindrical tunnel, running 
from the seal to the edge of the glacier was assumed. 
Thermal energy stored in the lake can contribute to 
enlargement of the tunnel. It is assumed that the 
evolution of the jokulhlaup is controlled by opening due 
to melting and creep closure of the seal at a given distance 
from the entrance of the tunnel. The flow-law exponent 
used was n = 3.0 and the flow-law coefficient A = 
5.29 X 10-15 kPa-3 

S-I; and common values were used for 
other physical parameters in the computations. 

For Grimsvotn the geometry of the ice dam has been 
mapped (Bjornsson, 1988) and hypsometric data con
structed, as shown in Figure 2. Further, the lake 
temperature was measured in 1991 (0.2°C in the first 
50 m below the ice shelf, 0.05°C for the next 50 m and 
finally increasing up to 1 SC in the bottom 50 m). The 
boundary conditions at Grimsvotn were as follows: 
constant lake temperature of 0.2°C, known lake geo
metry and the distance from the tunnel inlet to the seal of 
3.5 km. Figures 9, 10 and II show the results of simulation 
of the discharge of jokulhlaups from Grimsvotn. The 
model simulates with some success both the shape of the 
hydrograph and the peak discharge. Simulated slopes of 
the ascending limbs fit well to the measured ones and 
closure of the tunnels at the seal defines a peak of the 
jokulhlaup before the lake is empty. (Clarke's tunnel
closure parameter for Grimsvotn jokulhlaups is ex = 1 to 
1.5 X 103

, so creep closure may stop the flood, as pointed 
out by Clarke.) The turnover of the computed hydro
graphs, however, is not as sharp as the actual ones and 
therefore the simulation of the descending limbs is not 
satisfactory. The assumption of a cylindrical tunnel 
apparently excludes abrupt closure of the conduit. 
Lowering of a flat floating ice lever onto a relatively flat 
rock ledge may speed up the termination of the water 
flow. The most accurately measured jokulhlaup so far, 
that of 1986, gives the best fit for n = 0.08 m-I

/
3 s. 

Taking into consideration that the shape of the 
hydrographs is reliable, whereas the peak discharges 
may be less accurate, the best simulations are obtained for 
the Manning roughness coefficients n = 0.08 to 
0.09 m- I

/
3 s. These values for n are lower than that 

obtained by Nye (1976) ofO.12m- I
/
3 s for the Grimsvotn 

jokulhlaup of 1972. The reason is that the lake level drops 
more rapidly than was assumed in Nye's calculations. The 
more rapid drop in pressure head is compensated by 
lower friction in order to fit the observed hydrograph. For 
a jokulhlaup from Lake Hazard, Clarke (1982 ) obtained 
0.105m-I

/
3 s, and 0.12m- I

/
3 s for a burst from Summit 

Lake in 1967. Although our values for n are lower than 
these, they are two to three times higher than those 

observed in comparable natural streams (Chow, 1959). 
Spring and Hutter (1981) modelled both the ascend

ing and descending limbs of the Grimsvotn jokulhlaup in 
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Fig. 9. Simulation of the jiikulhlaup from Grimsvo"tn in 
1986 for various values of the Manning roughness 
coefficient and constant lake temperature of 0.7C. The 
simulation is terminated when the lake volume is used up. 
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Fig. 10. Simulation of the jokulhlaup from Grimsvo"tn in 
1972 for various values of the Manning roughness 
coefficient and constant lake temperature of O.7C. 
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40 

1972, assuming a variation with time of the water 
temperature at the entrance to the tunnel leading from 
the lake. Their best fit to the hydrograph was obtained for 
water temperature increasing gradually from the melting 
point to about 4°C in 19 days and then dropping to the 
melting point again in one day, enhancing the closure of 
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the tunnel. In their model, simulation of a concave (or 
exponential) ascending limb presupposes transport of 
advective heat from the lake because their model predicts 
a convex (bell-shaped) ascending limb for an isothermal 
lake. The lake temperatures measured in 1991 do not 
support such assumptions (see results above). Moreover, 
their model of heat transfer from the flowing water to the 
ice walls predicts that water at temperatures of the order 
of I to 4c C would flow from the glacier at the peak of the 
jokulhlaup. However, the water has repeatedly been 
observed to be at the melting point. Our model, assuming 
instantaneous transfer of heat to the melting of the tunnel 
walls, describes reasonably well the Grimsvotn hydro
graph of 1986. Thus, in Spring and Hutter's simulation, 
advected heat may have compensated for underestimated 
transfer of frictional heat. The transfer of frictional heat 
for melting ice may be more effective during jokulhlaups 
than is accounted for by the empirical heat transfer 

equation in their model. Hence, elimination of advected 
heat would have less effect on tunnel closure and 
termination of the jokulhlaup than they postulated. 

Figure 12 shows simulations of the jokulhlaups in 1934 
and 1938, assuming n = 0.08 m -1/3 s (the lake geometry of 
1934 (Fig. 2)) , given the drop in the lake level and the 
distance of 2 km from the lake to the seal. The simulation 
suggests that in 1934 the lake temperature may have been 
higher than at present (say, 1°C). The rapid ascent of the 
jokulhlaup in 1938, on the other hand, can only be 
simulated for a lake temperature of the order of 4c C. The 
model, however, fails to show closure of the tunnels before 
the lake is empty. The shape of the ascending limb is 
satisfactorily simulated by Clarke's model which indicates 
that the heat contained in the water is used to expand the 
tunnel until the peak is reached and creep closure stops 
the jokulhlaup. The slow recession of the jokulhlaup, 
however, indicates that water may have escaped from the 
tunnel at the peak flow, spread out beneath the glacier, 
and collected at the river outlet in a week's time. This 
jokulhlaup was triggered when a volcanic eruption took 
place north of Grimsvotn, and meltwater of the order of 2 
to 3 km3 drained down to the lake (Bjornsson, 1988). A 
similar jokulhlaup from Grimsvotn, reaching peak 
discharge in 3 to 4 days was reported in 1867 
(Thorarinsson, 1974; Bjornsson, 1988). This flood was 
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also accompanied by a volcanic eruption north of 
Grimsvotn. 

Simulations fail entirely to describe the hydrographs 
ofthejokulhlaups in Skafta (Fig. 13). The steep rise of the 
jokulhlaups indicates, however, that the lake temperature 
is well above the melting point. The same applies to the 
jokulhlaup from the Katla area in 1955 (Fig. 5). The 
convex shape of the ascending limb suggests that heat in 
the water is not entirely used up in melting and 
expanding the conducting tunnel. However, water with 
temperature at the melting point drains continuously 
from the river outlet during the jokulhlaup, suggesting 
that it is not conducted in one tunnel but spreads out 
beneath the glacier to be slowly collected later at the river 
outlet (Fig. 5). 

Attempts to simulate the jokulhlaups from the 
marginal lakes Gnena16n (in 1935), Gjanupsvatn ( 1951 ) 
and Vatnsdalsl6n (1974) fit the rise of the hydrographs 
reasonably well assuming constant lake temperature of 
about 1°C, but they fail to model the recession (Figs. 14 
and 15) . The jokulhlaup from Vatnsdalsl6n in 1898 
which reached 3000 m3 sol in one day could be simulated 
by drainage of lake water of about 8°C. In 1938 a 
jokulhlaup from this lake reached 2000 m3 sol in 3 days, 
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which can be·simulated by assuming drainage of the lake 
water at 4

Q
C. 

PEAK DISCHARGE AND TOTAL VOLUME OF 
JOKULHLAUPS FROM GRiMSVOTN 

For the frequentjokulhlaups from Grimsvotn, we are able 
to present an empirical relationship between the peak 
discharge, Qmax, and the total volume, lit, drained from 
the lake. Figure 16 shows this relationship for 11 
jokulhlaups which fits to a power law Qmax = K ~b, 
where Qmax is measured in m3 S-I, vt in 106 m3, and K = 
4.15 X 1O-3 s-l m-2.s2, and b = 1.84. The coefficient of 

determination for this relationship is r2 = 0.97. The total 
volume of water draining out of Grimsvotn in the 
jokulhlaups was obtained using known variations in lake 
level during jokulhlaups, the thickness of the floating ice 
cover on the lake, and the bedrock topography in the 
Grimsvotn area (Bjornsson 1988, and unpublished work 
by M. T. Gudhmundsson and H. Bjornsson). 

Simulation of the drainage from Grimsvotn shows that 
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Fig. 16. The maximum discharge in jokulhlaups from 
Grimsvo"tn as a function of the total volume of water in the 
Jokulhlaup. The accuracy of the discharge measurements is 
20%. 
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the jokulhlaups considered in Figure 16 (with the 
exception of the 1938 jokulhlaup, and perhaps of the 
1945 event as well) could have been drained from an 
isothermal lake close to the melting point. For jokulhlaups 
from lakes where there is no stored thermal energy 
available to melt ice, Clarke (1982) derived theoretically 
a power law relationship with the exponent b = 4/3 . 

An empirical power law, similar to that proposed 
here, was derived by Clague and Mathews (1973) for 
jokulhlaups of ten marginal ice-dammed lakes from 
various parts of the world, ranging in volume from 106 

to 109 m3• They obtained K = 75s- 1 m-O.
99 and b = 0.67 

where lit was given in 106 m3
. For jokulhlaups where 

thermal energy from the lake is the dominant contribu
tion to melting of the tunnel, Clarke (1982) derived 
theoretically the exponent b = 4/5. 

CONCLUSIONS 

From the data and models presented, the following can be 
concluded for jokulhlaups from lakes at subglacial 
geothermal areas and from marginal ice-dammed lakes 
in Iceland: 

1. In general, jokulhlaups occur when a lake has risen 
to a critical level but before the hydrostatic water pressure 
maintained by the lake is equal to the ice overburden 
pressure of the ice dam. The difference between ice 
overburden and the water pressure at the onset of a 
jokulhlaup tends to be greater the thicker the ice dam is. 

2. Clarke's (1982) modification of Nye's (1976) 
general model of discharge of jokulhlaups yields moder
ately good simulations for jokulhlaups from Grimsvotn. 
In general, the simulated slopes of the ascending limbs 
can be fitted to the measured ones, and closure of the 
tunnels at the seal defines a peak of the jokulhlaup before 
the lake is empty. The turnover of the computed 
hydrographs, however, is not as sharp as the actual 
ones, and therefore the simulation of the descending limbs 
are not satisfactory. This presumably arises because, in 
the model, the tunnel is assumed to be cylindrical. The 
best fit is obtained for the Manning roughness coefficient 
n = 0.08 to 0.09 m- 1/3 s. These values for the Manning 
roughness coefficient are lower than that obtained by Nye 
(1976) of 0.12m-I /3 s for the Grimsvotn jokulhlaup of 
1972. 

The actual heat transfer by flowing water during 
jokulhlaups is more effective than accounted for by Spring 
and Hutter's (1981) model for simulation of drainage (as 
pointed out by Nye (1976)). The empirical heat transfer 
equation may be wrong at the high Reynolds numbers in 
the jokulhlaups. On the other hand, melting of ice may 
not be restricted to the walls, because ice needles, eroded 
by debris and sand from the walls, mix with the water. 

3. The typical hydrographs of jokulhlaups from 
Grimsvotn rise approximately exponentially; after reach
ing the peak, the discharge falls more rapidly. The 
duration of larger floods tends to be shorter than that of 
smaller ones. In all cases the jokulhlaups end before 
Grimsvotn is empty. Simulations suggest that these 
jokulhlaups drain from a lake whose temperature is close 
to the melting point (0.2QC). On the other hand, the 
rapid ascent of the jokulhlaup of 1938, which was 
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triggered by a volcanic eruption, can only be simulated 
for a lake temperature of the order of 4°C. In this case, 
however, the model fails to show closure of the tunnels 
before the lake is empty. 

4. The typical hydrograph for jokulhlaups from the 
eastern Skafta cauldron rises rapidly and recedes slowly. 
The form has in that respect a reversed asymmetry of the 
typical Grfmsvotn hydrograph. Simulations fail entirely 
to describe the hydrographs. The lake temperature must 
be well above the melting point (10 to 20°C); but the 
thermal energy of the water is not entirely used up for 
melting and expanding the conducting tunnel, because 
water is spread out beneath the glacier and, later, slowly 
collected back to the river outlet, where its temperature is 
measured at the melting point. This applies also to the 
jokulhlaup from the Katla area in 1955. 

5. Hydrographs for jokulhlaups from marginal lakes 
have a shape similar to the typical Grfmsvotn jokulhlaup. 
The ascent of the hydrographs can be simulated for 
constant lake temperature of about 1°C, but modelling 
fails to describe the recession. Some floods from marginal 
lakes which reached their peaks exceptionally rapidly (in 
one day, emptying the lake) could be simulated by 
assuming drainage of lake water at 4 to 8°C. 

6 . For jokulhlaups from Grimsvotn, the peak 
discharge, Qmax, and the total volume, \It, drained from 
the lake fit to a power law Qmax = K ~b where Qmax is 
measured in m 3 s- l

, \It in 106 m 3
, and K = 

4.15 X 1O-3 s- 1 m-2.52 , and b = 1.84. 
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