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ARTICLE INFO ABSTRACT

Keywords: The paper describes a simplified mathematical model aimed at fitting available hydrographs of floods from sub-
Subglac%al floods glacial lakes reaching their peak almost linearly in time, the so-called fast-rising jokulhlaups. The simplifying idea
S“Egllﬁflal lakes is that the glacier can be treated as a block with fixed width, length and thickness, confining a subglacial lake
Jokulhlaups

with a constant cross-sectional area and variable level. We do not consider the role of heat transfer as suggested
by many authors for fast-rising events. The model consists of two ordinary differential equations: conservation
equation for the lake water and motion equation for the glacier. The glacier vertical movement is supposed to
be governed by its own weight, the water pressure generated by the lake and by the forces acting on the lateral
sides due to interaction between the glacier and the surroundings. The model has three free parameters and re-
produces satisfactorily eight historical hydrographs observed originated by eight jokulhlaups in the Skafté river
(Iceland). These floods, of fast-rising type, are sourced from two ice cauldrons, the Eastern one being responsible
of the largest floods (up to 3500 m?®s~'). On average, the cauldrons drain almost every two years due to persistent
geothermal activity beneath Vatnajokull glacier. This periodicity has a simple mathematical interpretation and

Mathematical modelling

is used to obtain another validation of the model.

1. Introduction

Jokulhlaup is an Icelandic word which, in Glaciology, defines a
subglacial flood typically from ice-dammed lakes. Such floods are not
precisely predictable since too many factors influence the full pro-
cess. Jokulhlaups have been observed in several glacial areas like Ice-
land, Greenland, Himalayas, Alps, Antarctica, Alaska, and many other
places. Although they often occur in remote areas of the World, these
events pose serious hazards for the environment and human beings.
This phenomenon is common in Iceland due to the interaction of vol-
canic activity and glaciers. Indeed, some of the most relevant pa-
pers on this subject (e.g. Bjornsson, 1974; Nye, 1976), are devoted to
floods from Grimsvotn, a subglacial lake under the Vatnajokul glacier in
Iceland.

Usually, the flood flows underneath the glacier, travelling over dis-
tances of tens of kilometers. Since this area, below hundreds of meters
of ice, is not accessible for measurements, the geometry of the drainage
system can only be hypothesized and different models have been pro-
posed (a single channel, a network of channels or a porous sheet, see
e.g. Nye, 1976; Rothlisberger, 1972; Walder, 1986 and, recently, Hewitt
et al., 2012; Schoof et al., 2012). Despite many efforts, a fully satisfac-
tory mathematical model is still challenging and several questions re-
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main only partially answered. Among the main unresolved questions,
one has crucial importance: how do jokulhlaups begin? In other words:
which are the trigging mechanisms? Answering this would constitute a
significant step towards predicting flood size and timing.

Many jokulhlaups occur annually (see Huss et al., 2007) or even a
number of times each year (see Roberts et al. (2005)). Sometimes jokulh-
laups tend to form a time series with a recurrence period of several years.

Once started, a jokulhlaup reaches the peak discharge in a few days,
even a few hours, and ends after one or two weeks; however small lakes
may drain within days (see, for example Clarke, 1982). Some authors, as
Roberts (2005), categorize the observed hydrographs as fast-rising (also
termed linearly-rising) and slow-rising (also termed exponentially-rising)
depending on dQ/dt, Q(t) being the instantaneous discharge in m’
Although simple, this choice may be misleading: a better one would be
the concave/convex form of the rising hydrograph based on the sign of
d?>Q/dt*. Regardless of a common agreement on how to distinguish slow
from fast floods, it is reasonable that an event which reaches its peak in
a few hours to a day may be termed as “fast” and can be very dangerous
(particularly when Q. is rather large), allowing a very short time for
warning time by local authorities.

In this paper we shall focus only on fast-rising floods and make use
of some the available hydrographs from the Eastern Skaft4 cauldron.

s
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In the last years other relevant and perhaps more reliable obser-
vations have been available to researchers. Among these we mention
the effects of the jokulhlaups on the basal sliding of the glacier (see
Anderson et al., 2005; Bartholomaus et al., 2007; Einarsson et al., 2016;
Magntsson et al., 2011; Magntsson et al., 2007; Riesen et al., 2010;
Sugiyama et al., 2007), direct observations and inferring of a propa-
gating subglacial pressure wave during the initiation of rapidly rising
jokulhlaups (see Einarsson et al., 2017; Einarsson et al., 2016; Johan-
nesson, 2002), observation of water volume or emptying of the source
lake during jokulhlaups (see e.g. Anderson et al., 2003; Einarsson, 2018;
Einarsson et al., 2017; Einarsson et al., 2016; Huss et al., 2007; Werder
and Funk, 2009; Werder et al., 2009), observations of subglacial water
storage/accumulation (see e.g. Anderson et al., 2003; Einarsson et al.,
2017; Einarsson et al., 2016; Huss et al., 2007; Werder and Funk, 2009;
Werder et al., 2009), hydro-chemical observations (e.g. Anderson et al.,
2003).

In Iceland, some subglacial lakes are fed by meltwater produced by
volcanic activity: this is the case, for example, at Grimsvotn which is
responsible for one of the most destructive jokulhlaups in the history
of Iceland (see e.g. Bjornsson, 2002; Bjornsson, 2017). Another mon-
itored area, also in the Vatnajokul glacier, is the Eastern and West-
ern Skafta cauldrons whose subglacial lakes drain in the Skafta river.
Jokulhlaups from the subglacial Skaftd cauldrons flow a distance of
about 40 km beneath the outlet glaciers of Tungnaarjokull and then
Skaftarjokull to the terminus where the water reaches river Skafté (see
Fig. 1).

Comprehensive reviews of these hydrologic systems, including as-
pects such as ice surface and bedrock topography, long term mass bal-
ance, ice dynamics, hydrology, and other characteristics of jokulhlaups,
are presented in several papers, see e.g. Bjornsson (1974, 1992, 2002,
2017), Gudmundsson et al. (1995) and Roberts (2005).

A well known mathematical model aimed to explain the observed
behaviors has been first presented by Nye (1976) and then refined
by other researchers (see e.g. Fowler, 1999; Fowler, 2011; Ng, 1998;
Walder and Fowler, 1994). Nye’s theory assumes that the drainage oc-
curs through a single subglacial channel, the so-called “R channel” (see

Rothlisberger, 1972), that transports water from the ice-dammed lake
towards the snout. Two competing processes govern the channel evolu-
tion with time, by respectively enlarging and reducing its cross-sectional
area. These are the melting of the channel wall by friction and heat
transfer from water flow and the creep closure through the action of
the excess overburden pressure due to the glacier weight. When they
are out of balance, model simulations give a flood behavior similar to
some observed jokulhlaups, as, for instance, the 1972 jokulhlaup from
Grimsvotn. Nye’s insightful and pioneering paper catches probably the
main processes controlling the hydrograph shape of the of slowly rising
j6 kulhlaups, namely the conduit-melt-discharge feedback. The model,
however, has not been able to explain several recently observed behav-
iors (see e.g. Einarsson et al., 2017; Einarsson et al., 2016). Indeed, cit-
ing Bjornsson (2010): “current models may reconstruct discharge curves
while not describing all the factual hydraulic and glaciodynamic processes of
each jokulhlaup”. Thus it is now mostly believed that the failure is due
to the assumption of drainage through a single channel (see Bjornsson,
2010; Einarsson et al., 2017; Einarsson et al., 2016; Johannesson, 2002;
Johannesson, 2002). Indeed the difference between fast- and slow-rising
floods reflects fundamentally different subglacial processes. In the slow-
rising case, the discharge grows with time approximately as a power law
(see Nye (1976), Eq. (32) at page 193) and the classical theory by Nye
is successful in explaining this behavior. On the contrary, in a fast-rising
flood, the discharge grows practically linearly with respect to time and
this cannot be explained solely by feedback between water flow and
conduit enlargement. So, in a fast-rising jokulhlaups it is more suitable
to assume a sheet-like flow across large portions of the glacier or un-
derneath, rather than a single channel drainage (see e.g. Flowers et al.,
2004).

An important issue concerns the role of temperature. Exit tempera-
tures of the Skafta jokulhlaups has indeed been measured to be at (or
very close to) the melting point (see Einarsson et al., 2017). The same
also holds true for slowly rising jokulhlaups from Grimsv6tn, which have
been measured to be 0.05°C at the outlet (see e.g. Clarke, 2003; Fowler,
2009; Johannesson, 2002). However, a clear physical understanding of
the transfer mechanism is still missing and, citing Fowler (2009): “until
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Fig. 2. Longitudinal profile of bedrock and ice surface along jokulhlaup paths
from Eastern Skaftd cauldron. Data are provided by the Institute of Earth Sci-
ences at the University of Iceland (from Einarsson (2009a)).

the necessity for the inclusion of heat transfer in the model can be demon-
strated by the measurement of positive exit temperatures, it is wiser to neglect
the heat advection term in the model ”.

Rather few attempts have been made for a physical explanation of
fast-rising jokulhlaups. A model to describe fast-rising jokulhlaups has
been proposed by Flowers et al. (2004). Such an approach is consistent
with the observations of jokulhlaups in Skafta. In this paper we present
an even simpler model with respect to the one in Flowers et al. (2004),
purely mechanical too, which may appear rather naive to experts in
glaciology but has the advantage of capturing the main features of fast-
rising jo kulhlaups by fitting only three parameters against the flood du-
ration and the discharge. In particular, our model describes those cases
in which the drainage occurs through a water sheet which spans every-
where underneath the glacier. We therefore treat the draining layer as a
sheet, characterized by a certain permeability, whose width and length
are comparable with those of the glacier and whose thickness varies in
time. We disregard the thermal effects during the flood and assume that
the glacier (which is allowed to move) as well as the bedrock (which
does not move) behave as rigid blocks. The glacier lifting (flotation) oc-
curs (and the j 6kulhlaups starts) when the hydrostatic pressure due to
the lake overcomes the combined action of the glacier weight and resis-
tance (or friction) at the lateral walls of the glacier itself (see Fig. 3).

The outputs of the model are: (i) the discharge which we compare to
the experimental data to select the three parameters characterizing the
model; (ii) the marginal lake level which we use to validate the model
by comparing it with the recorded refilling data. We mainly use data col-
lected by Z6éphodniasson (2002); Zéphdniasson and Palsson (1996), and
Einarsson (2009a,b) where several hydrographs of fast-rising jokulh-
laups from both the Eastern and Western Skaft4 cauldrons are reported.

Other examples of fast-rising jokulhlaups are the one from Grimsvotn
in November 1996 (Bjornsson (2002)) and the catastrophic one due to
Katla, a caldera under the Myrdalsjokull glacier, in 1918 (see Larsen,
2010; Témasson, 1996). While Grimsvotn flood of 1996 reached an (es-
timated) peak of about 4 x 10*m3s~!, the Katla event was approximately
one order of magnitude larger. Both these floods where trigged by a vol-
canic eruption in the area (see Johannesson, 2002; Jéhannesson, 2002).

The paper develops as follows: in the next Section we present the
model for the flood, while the third Section is devoted to the model
describing the flood triggering and the almost periodic oscillations of
the lake level. In the forth Section we illustrate the fitting procedure
and show the simulations referring to various Skaft4 events from 1984
to 2008. Our conclusions are drawn in the last Section.
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Fig. 3. The Skafta channel from Vatnajokull to main gauge stations. The size of
the arrows indicates graphically varying flow (from Atladéttir (2013); Einarsson
et al. (2015), courtesy of Icelandic Meteorological Office).

2. Modelling of the flood event

In this Section we illustrate a model of subglacial-hydrological pro-
cesses assuming that the subglacial drainage of an ice-dammed lake oc-
curs through a complex system of cross-linked channels that we schema-
tize as a permeable layer, whose effective thickness, denoted as s, varies
in time i.e. s = s(?). Fig. 4 shows a schematic representation of the ge-
ometry that we consider. In this connection we remark that, although
schematic, our figure is not that far from the real situation: indeed the
last 15-20 km of the Skaftafellsjokull lies above a typical glacial valley
(see, e.g., either Fig 2.1 in Lee (2016) or Fig. 5 in Hannesdottir et al.
(2014)).

The layer length is L and its effective width is a. In particular, we
denote by x the longitudinal coordinate so that x = 0 is the permeable
layer inlet and x = L is the outlet. We denote by h(t) the marginal lake
water level with respect to the layer inlet and by h, the average thickness
of the ice “roof” above the lake. The latter is considered as a container
with fixed base of area A so that its volume is just V (r) = A X h(1).

Concerning the discharge through the layer, denoted by Q, we con-
sider

N A .
Q2=0 gK<Tp+owgsmz9>, 1)
w

where K is a factor which accounts for the layer permeability of the
draining layer, ¢, is the water density, g the gravity acceleration, Ap/L
is the pressure gradient, .S = as is the layer cross-sectional area, 9 is
the average slope of the bedrock, considered as a rigid impermeable
plane, and n is a characteristic exponent. Eq. (1) is used for flow in
open channels and this is not the case here (see the discussion in Fowler
(2011), Chapter 11, pp. 773-774). However (1) can also be viewed
as a nonlinear Darcy’s law for turbulent flow through permeable me-
dia as for the so-called Forchheimer law, except that in the latter case
the pressure gradient is proportional to the square of the average ve-
locity instead of the square of the discharge (see e.g. Masuoka and
Takatsu, 1996). Whether similar laws do exist which are more suitable,
is hard to say. The specific choice of (1), essentially is suggested by Nye
(1976), and it is motivated only by the requirement of simplicity. About
the value of n, possible choices are possible. Here we consider 8/3 in
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Fig. 4. A schematic representation of a glacier
with a subglacial lake. The glacier is consid-
ered as a rigid block whose average length and
width are L and a, respectively. The glacier
thickness varies along the x axis, and we de-
note it by H(x). The lake is schematized as a
container whose effective surface and height
are A (fixed) and h = h(r), respectively. The
bedrock which sustains the glacier is also sup-
posed to be perfectly rigid and impermeable.
. The drainage occurs underneath the glacier,

Glacier terminus

\
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Nye (1976) and 10/3 that would agree with the Manning’s law. We
have to say, however, that there in not much agreement in literature
and other values are possible. In our approach we have chosen the value
which gives the best fit of the experimental data.
Concerning the water pressure in the layer, rescaling to zero the at-
mospheric pressure, we consider a linear profile
A

4
P="DPin— T'X’ @)

where x is the horizontal axis along the longitudinal section of the
glacier, and

pin =0wg<h(t)+ %hr>’ (3)

w

and pressure difference
Ap=p,(1—e/%), @

with s, characteristic layer thickness. In the present model, Eq. (4) is
physically meaningful only for s > 0, so that, everywhere in the present
paper, the symbol “s” must be interpreted as the its positive part, i.e.
s, = max{s(r),0}. Notice that, when s <, the pressure field is almost
uniform. On the contrary, in case of “a large” opening, Ap/L tends to
DPin/L, i.e. to the one corresponding to a fully developed flow. Thus,
recalling (1), the discharge becomes

Sn 0; .
0* () = ﬁ[(h(z)+7h,>(1—e 5/50)+d], Q)
where d = Lsind is the height difference between the draining layer
inlet and its outlet.

Remark 1. When the is no hydraulic continuity below the glacier
(s = 0), the weight of the glacier is sustained by the rigid bedrock. As
soon as the pressure due both to the lake and the ice roof has reached a
critical value, the layer starts to open. From that moment until the end
of the flood (s> 0), (4) represents the difference between the overbur-
den pressure due to the glacier and that due to the water flow. For a thin

! through a permeable layer of thickness s(t).

layer, the pressure is more or less uniform in the drainage channel and
the flow is predominately driven by gravity. When the opening of the
channel grows (and the flow raises considerably), the pressure tends to
the linear profile between p;,, at x = 0, and the atmospheric outlet pres-
sure (rescaled to zero) at x = L. The choice of the exponential function
as a relaxation effect, is only due, as the exponents in (1), to the aim of
designing a mathematical model able to reproduce the observed data.

The aim of the model is to reproduce the discharge time behavior
of the fast-rising jokulhlaups by means of (5). To this purpose we have
to specify the evolution Egs for both, s(t) and h(t). Concerning s(t), we
write the equation of the vertical motion of the glacier, treated as a rigid
block whose average thickness is H,ie.

p— l L
H=— / H(x)dx
L Jo
where H(x) is the glacier thickness. Hence, neglecting inertia, we have

L
—LaHo;gcos 9 + a/ p(x,t)dx — /1% =0, 6)
0

where 4 is an effective coefficient accounting for the glacier friction phe-
nomena with the surroundings (or resistance to vertical fracturing of the
ice). Notice that the bedrock is supposed rigid as the glacier; therefore
(6) is nothing but the one-dimensional Newton law for the unique La-
grangian coordinate s. Evidently, (6) holds true only when s is strictly
positive, since otherwise the weight of the glacier is fully supported by
the rigid bedrock. There are no specific reasons to assume that the fric-
tion term in (6) be proportional to the vertical velocity of the block,
except that it is, by far, the simplest choice.
Recalling (2), (3) and (4), Eq. (6) rewrites as

aLo,, ; =s/se p—
ds _ SZOuB () Oy VIR G og). %
dt A 0w 2 0w
Concerning h(t), water volume conservation entails
dh
A— =-0+ 0, (8)

dt
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where Q;, is the water input from the lake surroundings (that will be dis-
regarded during the flood event) and Q gives the water volume drained
away per the unit time. So, recalling (5), Eq. (8) can be rewritten as

dh (as)rl/Z

0 /s
e |(h+—Lhn ) (1-e) +d|  +
dr A(LK)‘“[( 0w ’>( )

EIY
-

(©)]

Remark 2. The assumption of a spatially uniform pressure gradient ex-
cludes a priori the development of a pressure wave in the subglacial
hydraulic system, a possibility considered in Johannesson (2002), and
more recently by Einarsson et al. (2017). The reason for this choice,
as we pointed out in the previous Section, is to maintain the model as
simple as possible.
Let us now introduce the dimensionless quantities
" s h t * 0

st = ., h'= , ff=—, 0= , 10)
sref href tref Qref

where Spf, Ao, b and Q. are reference values. As far as hp, is con-
cerned, we reasonably take!

QA
href = 0_’

w

H. an

For t; and Q.; we have the field data: we thus take t.,, equal to the

time duration of the flood event (an easily accessible datum) and Qref

equal to the maximum discharge (other experimental datum).
Omitting the * to keep notation as light as possible, we have
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Table 1

Estimated values of parameters «, 8, and y, from the numerical fit of Eq. (18)
against the hydrographs from the Eastern Skafti cauldron (see Zéphdniasson
(2002) and Fig. 3.3 in Einarsson (2009b)).

n=238/3
Event a p 14
Skafta 08/1982 73 0.17 5.51
Skafta 08/1984 33 0.38 15.01
Skafta 09/1986 50 0.43 9.68
Skafta 07/1989 76 0.23 5.63
Skafta 08/1991 57 0.24 6.29
Skafta 09/2002 60 0.23 5.56
Skafta 04/2006 109 0.22 5.20
Skafta 10/2008 104 0.22 5.47
n=10/3
Event a p 4
Skafta 08/1982 84 0.13 5.03
Skafta 08/1984 35 0.35 11.11
Skafta 09/1986 60 0.33 6.69
Skafta 07/1989 82 0.20 5.38
Skafta 08/1991 61 0.21 5.90
Skafta 09/2002 67 0.20 5.30
Skaftd 04/2006 122 0.19 4.92
Skafta 10/2008 118 0.19 5.52
Table 2

Values of d, A, H, h,, hy, L, for Eastern Skaft4 cauldron. Data are taken from
Table 1 of Bjornsson (2002).

( ref/1 >£ __ 0; cosd + <h + o;h, ) 1+ e—s(s,ef/sc) Parameter Skafta
tyephpepal 0,8 ) dt Owhyes Owhrey 2 ’ d 550 m
A 4.5 km?
(12) i :
H 470 m
h, 400 m
hy 100 m
1/2 1/2
Alhys LK) gp oy Q,.,,t (as )_n/z y A(h,. LK) L 40 km
n/2 P ref ref n/2
treg (@ syep)"” A Alres treg (@ Srer) Table 3

. h N
- <h+ﬂ—’><1—exp[—s ’ef]>+ d_. 13)
0w Pres Se ey

So, introducing

/2
l _ Asref _ tref (a Sref)n _
a aLOu;hrefgtref ' A(h,.gfLK)l/z
PN Pout A Qin > d 1 Sref
P = 57— Qu=-—> d= , - =— (14)
o 2Qu)ghref " Qref href 14 Se

and the new dependent variable

h

20 = hty+ 2L 20—y 4+ 22 (15)
7]

w "ref

system (12) and (13) can be rewritten as

lds 1+e3/r
— gt

T ) —cosd,
a
(16)
dz _
gz ——ﬁ[ (1—es/7) +d] 2 +0,,

! For instance assuming a triangular shape for H(x),i.e. H(x) = H(0)(1 — x/L),
we have H = H(0)/2 and h,,, = ;= 2—H (0). In this case, h, is less than half the

height of the ice facing the lake. However when applying our model to real
cases, we will make use of longitudinal profiles of bedrock and ice surface along
jokulhlaups paths as those reported in Einarsson et al. (2016) (see Fig. 2): using
digitized versions of these profiles it is easy to estimate the mean thickness of
the glaciers. For Eastern Skafta H ~ 470m. The maximum level of the lake is
well below H.

Estimated parameter values of d, z, and h,s for Eastern Skaftd cauldron using
(11), (14) and (17)

Parameter Skafta
d 1.4
Z 1.13
hyef 420 m
whose initial conditions are
s(0) = 0.
h, an
z(0)=zg = hy + =.
H
The discharge (5), rewritten in dimensionless form, is
t
Q() —ﬂ\/s”(t) z(t) (1-e s/r)+d] (18)
re f

In model (16), (17) three parameters appear, that is «, # and y. They are
determined fitting (18) against the flood recorded data. Such a proce-
dure is described after the next Section. The initial condition 2, or better
hy, is the critical level lake at which the emptying process begins. These
data are available for Skafta events (see Table 1 of Bjornsson (2002))
and are reported in Table 2.

Remark 3. Steady solutions (zg, s;) of system (16) are all unsta-
ble. These solutions can be obtained only numerically. We have cal-
culated them for y varying in (0,15), g =0.2, d= 5, cosd =0.99 and
Q\[,, =2.5x 107>, We found (2, s,) ~ (1, 0.02). The value of § is sug-
gested by our simulations (see Table 1). However increasing # of one
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order of magnitude, z,; remains practically the same while s, reduces
approximately up to an order of magnitude. Regardless of the value of
v, the eigenvalues are always real with opposite sign, i.e. the steady so-
lutions are saddle points. From the physical point of view this is not
surprising since, once a flood event reaches its end, the slowly refilling
starts again until the next flood.

Remark 4. By means of Egs. (14), the two dimensionless parameters «
and f can be physically interpreted:

_ weight of the glacier

a = . B
lateral friction force

_ hydro. press. due to the lake
"~ hydra. press. due to ice roof + inlet-outlet press.

ﬂ2

3. Modelling of the flood trigger and lake level oscillations

When the permeable layer almost comes to close, the flood ends and
a static condition is reached. Then a new phase begins which may con-
tinue for several months or years, during which the refilling process of
the lake takes place. Here we try to find a possible, purely mechanical,
model which may explain how this static equilibrium breaks and a new
flood starts. The leading idea is that, since the bedrock as well as the
whole glacier are supposed to be rigid, the only competing forces dur-
ing the equilibrium phase are the water pressure in the layer (upward),
LAp;,, with p;, given by (3), the glacier weight, —LaH ¢,g. and friction
lateral force, ®, between the glacier and the side walls of valley which
hosts the glacier. The equilibrium equation is

—Laﬁg[g + Lap;, + ® = 0. (19)

The force ®, exerted on the glacier sides, is due to the interactions be-
tween glacier and surroundings. Concerning the second term in (19),
we are assuming that there is always a thin subglacial sheet of water
ensuring the hydraulic continuity between inlet and glacier terminus.

Physically we expect that there will be a critical value of ®, denoted
by @, such that if |®| <®_ .. the glacier is at rest. When the critical
load is reached, i.e. when

|P| = Py (20)

a fracture/sliding process occurs on the lateral walls of glacier which
starts “lifting”. As a result, the draining layer enlarges and the lake emp-
tying begins.

Recalling (3), we rewrite (19) in the following dimensionless form

z-1+d=0 = d=-—z+1, @D

A~

with ® = (D/(Laﬁg,g). Hence, (20) gives |-z + 1| = ®, with

max?

(Dmax = (Dmax/(l‘aﬁoig)’
tied to the constraint z>1 (for z<1 the lake is empty), namely

0 h
> hy=zyp— ——

—_— (22)
Oy href

Z0 = (Ef)max + 1)
So the “initial” 2, in (17),, gives an estimate of the critical load which
has to be overcome for triggering the flood.

Concerning the lake oscillations, we introduce t, as the time at which
the draining layer closes. So, just after ¢, the water level in the lake starts
again to grow according to the following model

dz

-V = Qin t

di > )=z, + / 0,,d 23)
I

z(tc) =Zg

where §,, the dimensionless recharge rate, has been introduced in (14),
and z_, is he lake level reached at the end of the emptying process. The
new flood occurs after an interval of time T such that z(T) = z;, . The
phenomenon repeats almost periodically. Thus, assuming a constant in
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Table 4
Estimated confidence of the fitted hydrographs based on the y?—test. Experi-
mental data are due to Zéphéniasson (2002) and Einarsson (2009b).

Event % of confidence n source of the experimental data
Skaftd 08/1982 73 8/3 Zéphéniasson (2002)

Skaftd 08/1984 40 10/3 Zéphéniasson (2002)

Skafta 09/1986 30 10/3 Zb6phoniasson (2002)

Skafta 07/1989 95 8/3 Zéphéniasson (2002)

Skafta 08/1991 46 10/3 Zo6phoniasson (2002)

Skafta 09/2002 95 10/3 Zo6phoniasson (2002)

Skafta 04/2006 40 8/3 Einarsson (2009b)

Skafta 10/2008 40 8/3 Einarsson (2009b)

time recharge, the relation between T, lake surface and the recharge rate
Qin is
Qin T
—— =2y~ Ze- 24
hre f A 0 « ( )
Since model (16) allows to estimate z,, while z, comes from the field

data (see Table 3), Eq. (24) can be used to validate the model against
the experimental data.

4. Simulations and comparison with the field data

Solutions s(t), z(t) of system (16) are functions of a, , and y. We solve
the model with MATLAB®2018b, using ODE45 and the least-squares
fitting algorithm implemented by LSQCURVEFIT function. The param-
eters a, #, and y are fitted against the available hydrographs Einarsson
(2009b); Zophoniasson (2002): in particular we have considered the
events occurred in 08/1982, 08/1984, 09/1986, 07/1989, 08/1991,
09/2002, 04/2006, and 10/2008. The estimated parameters are re-
ported in Table 1.

Remark 5. Table 1 suggests that the choice of a specific value of the
exponent n appearing in (1) is rather marginal: the listed parameters
do not change very much for the same event. Furthermore, as we will
emphasize in a moment, it is probably unrealistic to expect specific value
to be valid for all the events, even in the same geographical area.

Simulations require the initial condition z, and d, i.e. hye which in

turn requires H. The latter depends upon the glacier profile which can
be obtained combining GPS measures, radio-echo sounds and are avail-
able in several papers (Bjornsson (1986, 1988); Bjornsson et al. (2000,
1999); Einarsson et al. (2016)). In Table 2 the value of d, H, h,, L, and
hy are reported, while in Table 3 the value of hyp, d, and z, are listed.

Figs. 5, 6, and 7 show comparisons between the simulated hydro-
graphs and the recorded ones from the Eastern Skaftd cauldron, and
2(t), i. e. the lake emptying behaviour.

We confined ourselves to show, for the sake of brevity, only three
events, namely 07/1989, 08/1991, and 04/2006. However we checked
the quality of our results for all the analyzed events by using a standard
x2-test. The latter requires an estimate of the errors affecting the mea-
sures. Unfortunately the hydrographs reported in Z6phéniasson (2002);
Zophoniasson and Pélsson (1996) and Einarsson (2009b) do not show
any error bar. However, it should be remarked that hydrographs, espe-
cially in case of large events, are known with a non-negligible margin of
error. For this reason we decided to assume, prudently, an error percent-
age of 30%, although, most likely, the error may be larger particularly
when the measured discharge is “small”. Next, in order to have a sta-
tistically significant sample, we extracted from the hydrographs about
15-20 points.

Table 4 displays the confidence degree for each of the eight hydro-
graphs analyzed. The results show an average confidence of ~57% with
a peak of 95% for the 1989 and 2002 events. The table shows, for each
event, that the best value also depends upon n, the exponent appearing
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Fig. 5. The 1989 event from Eastern Skafta:
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Fig. 6. The 1991 event from Eastern Skafta:

simulated discharge vs. data and simulated
emptying lake behaviour. Time scaled to 5.8
days.
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Fig. 7. The 2006 event from Eastern Skafta:

simulated discharge vs. data and simulated
emptying lake behaviour. Time scaled to 5.2
days.
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in (1). This circumstance is quite reasonable since the mechanical ac-
tion of each flood may determine non negligible changes of the layer
under the glacier, so that, for subsequent events, n may change either.
For brevity, we tried only two values (8/3 and 10/3). However, we be-
lieve that little modifications of these specific values are equally suit-
able, due to the lack of precise details about the layer between the base
of the glacier and the bedrock.

In Fig. 5, 6, and 7 we have reported the simulated hydrographs and
the points extracted from the ones recorded experimentally. The ana-
lyzed events are the ones occurred in 1989, 1991, and 2006. The visual
agreement is satisfactory as also proved by the y2-test results. In partic-
ular the model captures very well the “fast” rising of the hydrographs
although it does not reproduce with equal accuracy the top and the tale.
On the right of each figure, the simulated z(t), i. e. the lake level evo-
lution, is displayed. The level variations, though similar, change from
event to event, accordingly to the released water volume. In particular

04 06 08 1
Dimensionless Time

the simulations allow to estimate z, i. e. the level reached by the lake
when the flood is over.

Fig. 8 displays s(t) for the eight events analyzed. We note that the
maximum value of the dimensionless thickness of the layer is O(1),
which guarantees that s, is its correct scale. We remark that simulations
provide a value of y of order 10, which, recalling (14), yields s, % 10 s,
Consequently the exponent in (4) is very small, i.e. the pressure in the
layer is practically uniform, suggesting that the flow is mostly driven by
gravity as we already anticipated in Remark 1.

The almost periodic refilling model (24) is validated using the
recorded data reported in Zéphdniasson (2002) and Einarsson (2009b),
as shown in Table 5. Here we have considered five time intervals be-
tween subsequent events. The second column reports the measured
elapsed time between two subsequent events, the third column the vol-
ume of water accumulated in this period and the fourth column the cor-
responding dimensionless lake raising, which has to be compared with
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Fig. 8. Evolution of the dimensionless layer thickness for all the Skaftd events
considered in the paper.

Table 5

The value of Q;,, T are taken from Zdéphoéniasson (2002) and from table 3.2 in
Einarsson (2009b). The value of A is listed in Table 2 while h,,; and z, are listed
in Table 3. Finally z, is the output from simulations.

Subseq. events T(days) Q,T(GD hQ“;i 2y — Zg % err.
08/1982 - 08/1984 949 336 0.18 0.12 33
08/1984 - 09/1986 826 239 0.13 0.21 17
09/1986 - 07/1989 957 279 0.15 0.18 23
07/1989 - 08/1991 747 219 0.12 0.13 13
04/2006 - 10/2008 908 295 0.16 0.12 17

the one predicted by the model (fifth column). The difference, given in
percentage, between the experimental data and the theoretical ones is
reported in the last column.

5. Conclusions

The aim of the paper is to present a simple model for explaining
fast-rising jokulhlaups. Clearly, because of its simplicity, our approach
does not consider some intriguing problems as the type of channeliza-
tion of the drainage system, the wall erosion, the sediment dynamics, the
pressure wave dynamics and so on. Moreover, according to suggestions
that come from previous studies in this area, we disregard all effects of
heat transfer from flowing water to the glacier. Thus, citing Flower (see
Flowers et al. (2004), page 4), limitations are inherent in our rudimen-
tary approach where we have omitted some processes and simplified others,
yet this framework provides a hopeful starting point for understanding other
floods that have eluded classical jokulhlaup theory.

In the case of fast-rising floods, this hypothesis seems acceptable to
a reasonable extent. We also treat the glacier as a rigid block and as-
sume that the drainage occurs through a permeable layer underneath
the glacier. The flow through the layer is governed by a Forchheimer-
type law, assumed by all authors after Nye. The competing mechanisms,
once the flood has started, are the weight of the glacier, the water pres-
sure due to the marginal-lake level and the resisting force at the glacier
side walls. The maximum value of the shearing stress at the side walls
provides the maximum lake level that must be reached between two sub-
sequent floods. Our model is able to reproduce the hydrographs of eight
well known fast-rising jokulhlaups in Iceland from the Eastern Skafta
cauldron from 1982 to 2008. This conclusion appears to be confirmed
by the good confidence values provided by the y2-test: although some
of them are well below 50%, we have an average percentage of about
57%, which considering the great uncertainty affecting the field data,
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can be considered a quite acceptable result. Floods that are subsequent
in time are well simulated in the sense that the lake level variation
agree with data reported in Einarsson (2009b); Z6phdniasson (2002).
The percentage difference between the model outcome z, — z,, and the
experimental data Q;,T/(h.A) remains below 30% except for the pair
1982-1984 (which is about 33%). It should be considered, however, that
some experimental values, as A, hj and h,, have a significant degree of
uncertainty. Nevertheless, we believe that, although naive, the useful-
ness of our approach is that it is able to catch the main aspects of this
complex phenomenon, without involving several parameters which are
very difficult to estimate.

Declaration of Competing Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

We would like to thank Dr. S. Zéphéniasson and Dr. B. Einarsson for
providing all hydrographs and some useful suggestions.

References

Anderson, R.S., Walder, J.S., Anderson, S.P., Trabant, D.C., Fountain, A.G., 2005. The dy-
namic response of Kennicott glacier, Alaska, USA, to the Hidden Creek Lake outburst
flood. Ann. Glaciol. 40, 237-242. doi:10.1029/2002JF000004.

Anderson, S.P., Walder, J.S., Anderson, R.S., Kraal, E.R., Cunico, M., Fountain, A.G., Tra-
bant, D.C., 2003. Integrated hydrologic and hydrochemical observations of Hidden
Creek Lake jokulhlaups, Kennicott glacier, Alaska.. J. Geophys. Res.: Earth Surf. 108
(6003), 237-242. doi:10.3189/172756405781813438.

Atladéttir, A., 2013. Handb6ék um skaftarhlaup vidbragdsdaetlun. Technical Report.
Vedurstofa Islands (Icelandic Meteorological Office)..

Bartholomaus, T.C., Anderson, R.S., Anderson, S.P., 2007. Response of glacier basal mo-
tion to transient water storage. Nat. Geosci. 1, 33-37. doi:10.1038/nge0.2007.52.

Bjornsson, H., 1974. Explanation of jokulhlaups from Grimsvotn, Vatnajokull, Iceland.
Jokull 24, 1-26.

Bjornsson, H., 1986. Surface and bedrock topography of ice caps in Iceland, mapped by
radio echo-sounding. Ann. Glaciol. 8, 11-18.

Bjornsson, H., 1988. Vatnajokull, western part subglacial bedrock surface, Map 1:200 000..
Technical Report. Science Institute, University of Iceland, Reykjavik.

Bjornsson, H., 1992. Jokulhlaups in Iceland: prediction, characteristics and simulation.
Ann. Glaciol. 16, 95-106. doi:10.3189/1992a0g16-1-95-106.

Bjornsson, H., 2002. Subglacial lakes and jokulhlaups in Iceland. Global Planet. Change
35 (3), 255-271. doi:10.1016/50921-8181(02)00130-3.

Bjornsson, H., 2010. Jokulhlaups in Iceland; sources, release and drainage.
In: Ecole Thematique - CNRS -Spring School, Plouzané, pp. 18-31.
doi:10.1017/CB09780511635632.004.

Bjornsson, H., 2017. The Glaciers of Iceland: A Historical, Cultural and Scientific
Overview. Atlantis Advances in Quaternary Science, 2. Atlantis Press..

Bjornsson, H., Palsson, F., Gudmundsson, M., 2000. Surface and bedrock topography of
the Iceland: the Katla caldera, eruption sites and routes of jokulhlaups. Jokull 49,
29-46.

Bjornsson, H., Palsson, F., Magntisson, E., 1999. Skeidararjokull: landslag og rennslisleidur
vatns undir spordi.. Technical Report. Science Institute, University of Iceland..

Clarke, G.K.C., 1982. Glacier outburst floods from “Hazard Lake” Yukon terri-
tory, and the problem of flood magnitude prediction. J. Glaciol. 28, 3-21.
doi:10.3189/50022143000011746.

Clarke, G.K.C., 2003. Hydraulics of subglacial outburst floods: new in-
sights from the spring hutter formulation. J. Glaciol. 49 (165), 299-313.
doi:10.3189/172756503781830728.

Einarsson, B., 2009. Jokulhlaups in Skafta: a study of a jokulhlaup from the Western Skafta
cauldron in the Vatnajokull ice cap, Iceland. Technical Report. Iceland Meteorological
Office, Vedurstofa fslands.

Einarsson, B., 2009. Jokulhlaups in Skafta: a study of a jokulhlaup from the Western Skafta
cauldron in the Vatnajokull ice cap, Iceland. School of Engineering and Natural Sci-
ences, University of Iceland.

Einarsson, B., 2018. Subglacial hydrology of the Icelandic ice caps. Outburst floods and
ice dynamics. Faculty of Earth Science, University of Iceland..

Einarsson, B., Jéhannesson, T., Thorsteinsson, T., Gaidos, E., Zwinger, T., 2017.
Subglacial flood path development during a rapidly rising jokulhlaup from the
western Skaftd cauldron, Vatnajokull, Iceland. J. Glaciol. 63 (240), 670-682.
doi:10.1017/jog.2017.33.

Einarsson, B., Magntsson, E., Roberts, M.J., Palsson, F., Thorsteinsson, T., J6hannes-
son, T., 2016. A spectrum of jokulhlaup dynamics revealed by gps measurements of
glacier surface motion. Ann. Glaciol. 57 (72), 47-61. doi:10.1017 /a0g.2016.8.

Einarsson, B., Thorsteinsson, T., J6hannesson, T., Ofeigsson, B.G., Roberts, M.J., Sig-
urdsson, O., Haraldsson, O., Zéphéniasson, S., Kjartansson, V.S., Bergsson, B.H.,
Vogfjord, K., 2015. Jokulhlaup tr eystri-skaftarkatli. Technical Report. Vedurstofa
fslands (Icelandic Meteorological Office)..


https://doi.org/10.1029/2002JF000004
https://doi.org/10.3189/172756405781813438
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0003
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0003
https://doi.org/10.1038/ngeo.2007.52
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0005
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0005
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0006
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0006
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0007
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0007
https://doi.org/10.3189/1992aog16-1-95-106
https://doi.org/10.1016/S0921-8181(02)00130-3
https://doi.org/10.1017/CBO9780511635632.004
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0011
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0011
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0012
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0012
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0012
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0012
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0013
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0013
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0013
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0013
https://doi.org/10.3189/s0022143000011746
https://doi.org/10.3189/172756503781830728
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0016
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0016
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0017
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0017
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0018
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0018
https://doi.org/10.1017/jog.2017.33
https://doi.org/10.1017/aog.2016.8
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0021

B. Calusi, A. Farina and F. Rosso

Flowers, G.E., Bjornsson, H., Palsson, F., Clarke, G.K.C.,, 2004. A coupled sheet-
conduit mechanism for jokulhlaup propagation. Geophys. Res. Lett. 31 (5), L05401.
doi:10.1029/2003GL019088.

Fowler, A.C., 1999. Breaking the seal at Grimsvotn. J. Glaciol. 45, 506-516.
doi:10.3189/50022143000001362.

Fowler, A.C., 2009. Dynamics of subglacial floods. Proc. R. Soc. A: Math. Phys. Eng. Sci.
465, 1809-1828. doi:10.1098/rspa.2008.0488.

Fowler, A.C., 2011. Mathematical Geoscience. Springer.

Gudmundsson, M.T., Bjornsson, H., Palsson, F., 1995. Changes in jokulhlaup sizes in
Grimsvotn, Vatnajokull, Iceland, 1934-91, deduced from in-situ measurements of sub-
glacial lake volume.. J. Glaciol. 41, 263-272. doi:10.3189/50022143000016166.

Hannesdéttir, H., Bjornsson, H., Palsson, F., Adalgeirsdéttir, G., Gudmundsson, S., 2014.
Area, volume and mass changes of southeast Vatnajékull ice cap, Iceland, from the
Little Ice Age maximum in the late 19th century to 2010. Cryosphere Discuss. 8, 4681—
4735. doi:10.5194/tcd-8-4681-2014.

Hewitt, 1.J., Schoof, C., Werder, M.A., 2012. Flotation and free surface flow in a
model for subglacial drainage. Part 2. Channel flow. J. Fluid Mech. 702, 157-187.
doi:10.1017/jfm.2012.166.

Huss, M., Bauder, A., Werder, M., Funk, M., Hock, R., 2007. Glacier-dammed
lake outburst events of Gornersee, Switzerland. J. Glaciol. 53 (181), 189-200.
doi:10.3189/172756507782202784.

Johannesson, T., 2002. The initiation of the 1996 jokulhlaup from lake grimsvotn, vat-
najokull, Iceland. In: The Extremes of the Extremes: Extraordinary Floods, 271,
pp. 57-64. Reykiavik

Jéhannesson, T., 2002. Propagation of a subglacial flood wave during initiation of a
jokulhlaup. Hydrol. Sci. J. 47, 417-434. doi:10.1080/02626660209492944.

Larsen, G., 2010. 3 Katla: tephrochronology and eruption history. In: Schomacker, A.,
Kriiger, J., Kjeer, K.H. (Eds.), The Myrdalsjokull Ice Cap, Iceland. Glacial Processes,
Sediments and Landforms on an Active Volcano. In: Developments in Quaternary Sci-
ences, 13. Elsevier., pp. 23-49. doi:10.1016/51571-0866(09)01303-7.

Lee, R., 2016. Landsystem analysis of three outlet glaciers, southeast Iceland. McMaster
University Hamilton, Ontario (Earth and Environmental Science).

Magntsson, E., Bjornsson, H., Rott, H., Roberts, M.J., Palsson, F., Gudmundsson, S., Ben-
nett, R.A., Geirsson, H., Sturkell, E., 2011. Localized uplift of Vatnajokull, Iceland:
subglacial water accumulation deduced from InSAR and GPS observations. J. Glaciol.
57 (203), 475-484. doi:10.3189/002214311796905703.

Magntisson, E., Rott, H., Bjornsson, H., Palsson, F., 2007. The impact of jokulhlaups on
basal sliding observed by SAR interferometry on Vatnajokull, Iceland. J. Glaciol. 53
(181), 232-240. doi:10.3189/172756507782202810.

Masuoka, T., Takatsu, Y., 1996. Turbulence model for flow through porous media. Int. J.
Heat Mass Transf. 39 (13), 2803-2809. doi:10.1016,/0017-9310(95)00353-3.

Applications in Engineering Science 3 (2020) 100013

Ng, F., 1998. Mathematical modelling of subglacial drainage and erosion. St. Catherine’s
College, Oxford..

Nye, J.F., 1976. Water flow in glaciers: Jokulhlaups, tunnels and veins. J. Glaciol. 17 (76),
181-207. doi:10.3189/5002214300001354X.

Riesen, P., Sugiyama, S., Funk, M., 2010. The influence of the presence and drainage of
an ice-marginal lake on the flow of Gornergletscher, Switzerland. J. Glaciol. 56 (196),
278-286. do0i:10.3189,/002214310791968575.

Roberts, M.J., 2005. Jokulhlaups: a reassessment of floodwater flow through glaciers. Rev.
Geophys. 43 (1), RG1002. doi:10.1029/2003RG000147.

Roberts, M.J., Palsson, F., Gudmundsson, M.T., Bjérnsson, H., Tweed, F.S., 2005. Ice-water
interactions during floods from Graenal6n glacier-dammed lake, Iceland. Ann. Glaciol.
40, 133-138. doi:10.3189/172756405781813771.

Rothlisberger, H., 1972. Water pressure in intra- and subglacial channels. J. Glaciol. 11
(62), 177-203. doi:10.3189/50022143000022188.

Schoof, C., Hewitt, I.J., Werder, M.A., 2012. Flotation and free surface flow in a model
for subglacial drainage. Part 1. Distributed drainage. J. Fluid Mech. 702, 126-156.
doi:10.1017/jfm.2012.165.

Sugiyama, S., Bauder, A., Weiss, P., Funk, M., 2007. Reversal of ice motion during the
outburst of a glacier-dammed lake on Gornergletscher, Switzerland. J. Glaciol. 53
(181), 172-180. doi:10.3189/172756507782202847.

Témasson, H., 1996. The jokulhlaup from Katla in 1918. Ann. Glaciol. 22, 249-254.
doi:10.3189/1996A0G22-1-249-254.

Walder, J.S., 1986. Hydraulics of subglacial cavities. J. Glaciol. 32 (112), 439-445.
doi:10.3189/50022143000012156.

Walder, J.S., Fowler, A.C., 1994. Channelized subglacial drainage over a deformable bed.
J. Glaciol. 40 (134), 3-15. doi:10.3189/50022143000003750.

Werder, M.A., Funk, M., 2009. Dye tracing a jokulhlaup: II. Testing a jokulhlaup model
against flow speeds inferred from measurements. J. Glaciol. 55 (193), 899-908.
doi:10.3189/002214309790152375.

Werder, M.A., Loye, A., Funk, M., 2009. Dye tracing a jokulhlaup: I. Subglacial wa-
ter transit speed and water-storage mechanism. J. Glaciol. 55 (193), 889-898.
doi:10.3189/002214309790152447.

Zéphoéniasson, S., 2002. Rennsli { Skaftarhlaupum 1955-2002. Technical Report. Orkustof-
nun, National Energy Authority, Iceland. Orkugardur, Grensasvegur 9, 108 Reykjavik.
Greinargerd, SZ-2002-01

Zbphéniasson, S., Pélsson, S., 1996. Rennsli i Skaftarhlaupum og aur- og efnastyrkur i
hlaupum 1994, 1995 og 1996. Technical Report. Orkustofnun, National Energy Au-
thority, Iceland.. 0S-96066,/VOD-07


https://doi.org/10.1029/2003GL019088
https://doi.org/10.3189/S0022143000001362
https://doi.org/10.1098/rspa.2008.0488
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0025
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0025
https://doi.org/10.3189/S0022143000016166
https://doi.org/10.5194/tcd-8-4681-2014
https://doi.org/10.1017/jfm.2012.166
https://doi.org/10.3189/172756507782202784
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0030
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0030
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0030
https://doi.org/10.1080/02626660209492944
https://doi.org/10.1016/S1571-0866(09)01303-7
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0033
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0033
https://doi.org/10.3189/002214311796905703
https://doi.org/10.3189/172756507782202810
https://doi.org/10.1016/0017-9310(95)00353-3
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0037
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0037
https://doi.org/10.3189/S002214300001354X
https://doi.org/10.3189/002214310791968575
https://doi.org/10.1029/2003RG000147
https://doi.org/10.3189/172756405781813771
https://doi.org/10.3189/S0022143000022188
https://doi.org/10.1017/jfm.2012.165
https://doi.org/10.3189/172756507782202847
https://doi.org/10.3189/1996AoG22-1-249-254
https://doi.org/10.3189/S0022143000012156
https://doi.org/10.3189/S0022143000003750
https://doi.org/10.3189/002214309790152375
https://doi.org/10.3189/002214309790152447
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0050
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0050
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0050
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0051
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0051
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0051
http://refhub.elsevier.com/S2666-4968(20)30013-3/sbref0051

	A simplified mechanical model for explaining fast-rising jökulhlaups
	1 Introduction
	2 Modelling of the flood event
	3 Modelling of the flood trigger and lake level oscillations
	4 Simulations and comparison with the field data
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


