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Abstract. In this note, the total dissipative melting in temper-
ate glaciers is studied. The analysis is based on the notion that
the dissipation is determined by the loss of potential energy
due to the downward motion of mass (ice, snow, meltwater
and rain). A mathematical formulation of the dissipation is
developed and applied to a simple glacier geometry. In the
next step, meltwater production resulting from enhanced ice
motion during a glacier surge is calculated. The amount of
melt energy available follows directly from the lowering of
the centre of gravity of the glacier.

To illustrate the concept, schematic calculations are pre-
sented for a number of glaciers with different geometric
characteristics. Typical dissipative melt rates, expressed as
water-layer depth averaged over the glacier, range from a
few centimetres per year for smaller glaciers to half a me-
tre per year for Franz Josef Glacier, one of the most active
glaciers in the world (in terms of mass turnover).

The total generation of meltwater during a surge is typi-
cally half a metre. For Variegated Glacier a value of 70 cm
is found, for Kongsvegen 20 cm. These values refer to water
layer depth averaged over the entire glacier. The meltrate
depends on theduration of the surge. It is generally an or-
der of magnitude greater than water production by ‘normal’
dissipation. On the other hand, the additional basal melt rate
during a surge is comparable in magnitude with the water in-
put from meltwater and precipitation. This suggests that en-
hanced melting during a surge does not grossly change the
total water budget of a glacier. Basal water generated by en-
hanced sliding is an important ingredient in many theories
of glacier surges. It provides a positive feedback mechanism
that actually makes the surge happen. The results found here
suggest that this can only work if water generated by en-
hanced sliding accumulates in a part of the glacier base where
surface meltwater and rain have no or very limited access.

This finding seems compatible with the fact that, on many
glaciers, surges are initiated in the lower accumulation zone.

1 Introduction

At first sight the thermodynamics of temperate glaciers are
less interesting than those of polythermal glaciers, because
the temperature field is homogeneous throughout the glacier
by definition (at pressure melting point everywhere). How-
ever, all temperate glaciers slide, and with the importance of
basal water for the sliding mechanism, the thermodynamics
may still play a substantial role. Input into a glacier’s hy-
draulic system may come from meltwater generated at the
surface, from rain, and from englacial melting due to dissi-
pation. Intriguing questions thus arise: what is the relative
importance of these contributions and how does this depend
on the geometric characteristics of a glacier? And, in the case
of surging glaciers, how does the extra water input generated
by the enhanced dissipation during surge motion compare to
the water budget for quiescent conditions?

In this note, the total water budget of a glacier is stud-
ied based on a consideration of the integrated energy budget.
A simple glacier geometry will be adopted to facilitate the
mathematical formulation and illustrate some ideas and con-
cepts. It will be argued that the total dissipation in a glacier
system can be estimated from the loss of potential energy as-
sociated with the ice’s motion and the movement of water
through the glacier.

Many processes affect the heat content and thermal struc-
ture of a glacier. The surface energy budget, determined
mainly by turbulent fluxes and longwave and shortwave (so-
lar) radiative contributions, has been studied thoroughly by
the deployment of weather stations (e.g. Oerlemans, 2010).
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When the surface energy flux is positive and the glacier sur-
face is at the melting point, melting will occur and the melt-
water can either enter the glacier’s hydraulic system or re-
freeze when it penetrates cold firn. Generally speaking, for
the present study the relevance of energy exchange at the
glacier surface is twofold: (i) due to the refreezing process,
most glaciers in the world are temperate or near-temperate;
(ii) meltwater is produced in large amounts.

Basal and englacial processes affecting the heat budget
of a glacier are harder to study, because observational data
are very scarce. There is dissipation by internal deformation,
sliding and running water. For a temperate glacier, heating
implies melting of ice. It is therefore possible to estimate
the meltwater production from the release of potential en-
ergy. Mass added at the glacier surface by the accumulation
process leaves the glacier again at the glacier snout, and the
associated loss of potential energy can be calculated from
purely geometric considerations. When the interest is in the
total dissipation within the glacier system, this is much eas-
ier than integrating the product of stress and stain rate tensors
over the entire ice body.

It should be noted that, for some glaciers in extremely dry
climatic conditions, sublimation/evaporation at the glacier
surface can be significant. However, for most temper-
ate glaciers, the amount of mass involved in sublimation
and evaporation is very small compared to the total mass
turnover. Therefore, the approach sketched above should be
valid for most temperate glaciers.

The idea of estimating dissipative meltwater production
from the loss of potential energy can also be applied to surg-
ing glaciers. When a glacier surges, the centre of gravity is
lowered and there is a loss of potential energy which is not re-
lated to the exchange of mass with the environment. When a
surge occurs in a fixed time span, the average water produc-
tion over that time span due to the surge can be calculated
and compared to the water production related to the mass
throughput mentioned above, or to the input of surface melt
water and rain.

2 Dissipative water production

The flow of water through a temperate glacier is a com-
plex process (e.g. Fountain and Walder, 1998; Jansson et al.,
2003), with many different mechanisms working in a sys-
tem that is basically driven by the seasonal cycle in the water
input at the surface. Possible pathways of water through a
glacier system are shown in Fig. 1. The various sources of
water, including dissipative melting due to strain and sliding,
are indicated schematically.

Admittedly, the approach taken here will not shed light on
the details of water transport through the glacier body, but
merely provide estimates of the various components of the
total water budget.
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Fig. 1. Components of the mass / water budget of a glacier system. Water from melting and 3 

rain enters the glacier by penetration in the firn, or through crevasses and moulins. Water is 4 

also produced through dissipative melting by strain (dashed red curve) and sliding (solid red 5 

curve). Possible  pathways of water through the system are schematically indicated. Transport 6 

can be through arborescent englacial channels, and, at the glacier base, linked cavities and 7 

subglacial conduits. All mass is assumed to leave the glacier at the glacier snout. 8 
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Fig. 1. Components of the mass/water budget of a glacier system.
Water from melting and rain enters the glacier by penetration in
the firn, or through crevasses and moulins. Water is also produced
through dissipative melting by strain (dashed red curve) and slid-
ing (solid red curve). Possible pathways of water through the sys-
tem are indicated schematically. Transport can be through arbores-
cent englacial channels, and, at the glacier base, linked cavities and
subglacial conduits. All mass is assumed to leave the glacier at the
glacier snout.

The water budget of a glacier can be formulated as

dW

dt
= M + R + D − Q, (1)

whereW is the total amount of water in the glacier,M and
R are the fluxes of meltwater and rain that enter the glacier
and do not refreeze,D is the production of water by dissipa-
tion andQ is the runoff at the glacier terminus. The relative
magnitude of the various terms depends on the time scale
considered. When viewed over a year, the storage term will
be small, but it may be large for periods of days or weeks.

The basic idea to be explored in this paper is that the total
production of meltwater can be calculated from a consider-
ation of the energy budget of a glacier, and then compared
with the other water inputs. The total dissipation can be es-
timated from the loss of potential energy associated with the
motion of ice and water. The first attempt to use such an ap-
proach to estimate dissipative heating was made by Oerle-
mans and Jonker (1985).

The total potential energyP of a glacier is defined as

P = g

∫
space

µρzdxdydz. (2)

Hereµ = 1 when a point in space(x,y,z′) is ice, otherwise
µ = 0. Furthermore,ρ is ice density andg is the acceleration
of gravity. If we assume that the ice density is constant, the
total potential energy of a glacier can also be written as:

P = MgZ, (3)

whereM is the total mass of the glacier andZ is the height
of the geometric centre of gravity. When a glacier is in
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steady state,P does not change, because the mass leaving
the glacier is replaced by accumulation. However, the dis-
sipation is determined by the loss of potential energy associ-
ated with the net downward movement of all the ice particles.
As we will see in the next section, for a simplified geometry
it is possible to calculate the production of meltwater associ-
ated with this. To obtain a feeling for an order of magnitude,
one may calculate the amount of iceq that can be melted
by dissipation when a block of ice having a massm travels
downwards over a vertical distance1z:

q

m
=

g1z

Lm
. (4)

HereLm is the latent heat of fusion (334 kJ kg−1). Taking
g = 9.8ms−2 and1z = 1000m, we find thatq/m = 0.029,
so one may state that a few % of the mass involved in the
glacier motion can be melted by dissipative heating.

Most of the meltwater from seasonal snow on a glacier
which melts in spring/summer will enter the glacier’s hy-
draulic system. The same applies to rain, which is mainly
drained through the glacier rather than over the surface
(e.g. Fountain and Walder, 1998). The frictional heating in-
volved when this water finds its way to the glacier front
should be taken into account in the total energy budget.

3 Application to a simple geometry

We consider the representation of a glacier by a rectangular
block of ice of constant width and constant thicknessH , ly-
ing on a bed with a constant slopes (Fig. 2). The bed is given
by:

b(x) = b0 − sx, (5)

whereb0 is the bed elevation at the glacier head. The precipi-
tation rate (snow plus rain) is assumed to be a linear function
of altitude according to

ṗ = ṗ0 + γ h, (6)

whereṗ is the precipitation rate [kg m−2 s−1], ṗ0 is the pre-
cipitation rate at sea level,γ is the altitudinal precipitation
gradient [kg m−3 s−1], and h is the surface elevation. For
convenience,γ will also be expressed later in m a−1 km−1.

For the geometry outlined above, the mean annual precip-
itation on the glacier is given by

ṗann=
1

L

L∫
0

ṗ(x)dx =
1

L

L∫
0

ṗ0 + γ (b0 − sx + H)dx

= ṗ0 + γ (b0 + Hm) −
1

2
γ sL. (7)

Various assumptions can be made about the loss of poten-
tial energy related to ablation. Ice melts at the surface but
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Fig. 2. Simple geometry for the glacier model used in this study (solid line). The dashed 2 

profile represents the geometry after a surge. The centres of gravity before (b) and after (a) 3 

the surge are indicated by black dots. 4 

5 

Fig. 2. Simple geometry for the glacier model used in this study
(solid line). The dashed profile represents the geometry after a
surge. The centres of gravity before (b) and after (a) the surge are
indicated by black dots.

then finds its way into the glacier. Most of the kinetic en-
ergy associated with the running water in the hydraulic sys-
tem will be dissipated within the glacier to melt additional
ice (for instance at the tunnel walls and at the ice–bed inter-
face). The kinetic energy of the river outflow at the glacier
snout is negligible (imagine the speed of a water particle af-
ter being accelerated over a 1000 m vertical distance without
any friction). It is thus natural to assume that the loss of po-
tential energy is proportional to(h − bL), wherebL is the
height of the bed at the glacier front. Most of the rain falling
on glaciers is not drained supraglacially, but quickly finds its
way into the internal hydraulic system and contributes to the
englacial dissipative melting. In a way this simplifies the for-
mulation of the total dissipation, because it is not necessary
to consider snow accumulation and rain separately.

When the model glacier is in steady state, the total dissi-
pation related to mass throughput is thus given by:

Ṗp = g

L∫
0

ṗ(x)h(x)− bLdx

= g

L∫
0

ṗ0 + γ (b0 − sx + H)(H − sx + sL)dx

= g

[
ṗ0 + γ (b0 + H)(H + sL)L −

1

2
s(ṗ0 + γ b0 + 2γH)L2

+
1

6
γ s2L3

]
. (8)

If Ṗp is divided by the latent heat of fusionLm, by the glacier
length, and by the density of water, the mean specific melt-
water production by dissipation is obtained in m of water
equivalent:

ṁdis =
Ṗp

ρwLLm
. (9)
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Fig. 3. Mean dissipative melting, averaged over the glacier, as a function of glacier length, for 3 
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Fig. 3. Mean dissipative melting, averaged over the glacier, as a
function of glacier length for different values of the precipitation
gradient (labels in m a−1 km−1). Parameter values:b0 = 2000m,
p0 = 1000ma−1, s = 0.1.

The dissipative meltwater production can now be calculated
as a function of, for instance, glacier length. However, mean
bed slope, characteristic ice thickness and glacier length are
not independent. It is thus meaningful to invoke a relation be-
tween these quantities, for example (Oerlemans, 2011, p. 19–
21):

Hm =
αmL1/2

1+ νs
, (10)

whereαm ≈ 3 m1/2 andν ≈ 10 (a dimensionless constant).
In Eq. (10),Hm is the mean thickness of the glacier, which
is now identified withH as used in the simple geometry of
Fig. 2.

In Fig. 3, ṁdis is plotted as a function ofL for different
values of the precipitation gradientγ . Other parameter val-
ues are:b0 = 2000m,p0 = 1ma−1, s = 0.1. This value ofs
implies a gently sloping glacier; forL = 20km, the front of
the glacier would be at sea level. Note thatL is prescribed,
and not calculated in relation to a climatic forcing.

First of all, it can be noted that dissipative production
of meltwater ranges from a few cm per year for smaller
glaciers to over 10 cm per year for larger glaciers in a
climate with a large precipitation gradient. It should be
stressed that the higher values forγ used here (γ = 0.5 and
1 m a−1 km−1) are not uncommon. In the glacier regions in
southern Norway, for instance, typical values are between 0.5
and 1.2 m a−1 km−1 (Østrem et al., 1988; Oerlemans, 1992;
Jansson et al., 2007). Similar values are found in the Alps
(e.g. Sevruk, 1997).

In Fig. 4 the result of the theoretical analysis is shown
from a different perspective. Now the bed slope is varied for a
given glacier length (5, 10 and 20 km). The altitudinal range
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Fig. 4. Ice thickness (dashed, scale at left) and dissipative melt rate (solid lines, scale at right) 3 

as a function of bed slope, for three values of the glacier length as indicated in the figure.  4 
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Fig. 4. Ice thickness (dashed, scale at left) and dissipative melt rate
(solid lines, scale at right) as a function of bed slope, for three values
of the glacier length as indicated in the figure.

has been limited to 2000 m (recalling thatb0 = 2000m).
Precipitation parameters in this case are:p0 = 1 ma−1 and
γ = 0.75 ma−1km−1.

For a given glacier length, the dissipative melt rate always
increases with the slope. For a constant precipitation rate the
increase would be linear, but with precipitation depending on
height the increase is greater. Steeper glaciers are less thick
(dashed lines in Fig. 3), but this only partly compensates for
the effect of a wider altitudinal range. Altogether the differ-
ences are substantial. For instance, with a bed slope of 0.1,
the dissipative melt rate for a 20 km-long glacier is about five
times greater than for a 5 km-long glacier.

In Table 1, values foṙmdis for some real glaciers are given,
based on rough estimates of the geometric characteristics.
The quantitys is taken as the mean glacier slope. Franz Josef
Glacier has by far the largest dissipative melting, which is
not surprising in view of the enormous mass turnover of this
glacier and its relative steepness. In contrast, a small steep
glacier like the Dammagletscher in Switzerland has a dissi-
pative melt rate of only a few centimetres per year. From the
table one may conclude that a typical dissipative melt rate
is 0.1 m a−1, but that values vary over at least one order of
magnitude. It is clear that the dissipative melt rate is much
smaller than the water input at the glacier surface.

The equations used so far to estimate dissipative heating
are applicable for a simple glacier geometry. However, the
procedure can easily be generalized for any glacier geometry.
When the surface topography and the spatial distribution of
precipitation is known, it is possible to calculate the total loss
of potential energy from the mass throughput.
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Table 1. Characteristic values of geometry and precipitation regime for some glaciers, and the calculated mean dissipative melt rate (last
column). Data estimated from Swisstopo (Dammagletscher and Rhonegletscher), Anderson et al. (2006) (Franz Josef Glacier), Andreassen
and Windsvold (2012) (Nigardsbreen), Björnsson et al. (2003) (Breidamerkurjökull), Van Pelt et al. (2012) (Nordenskiöldbreen).

Glacier L b0 s p0 γ ṁdis
(km) (m) (m a−1) (m a−1 km−1) (m a−1)

Dammagletscher 1.7 3400 0.5 0.5 0.75 0.025
(Switzerland)
Rhonegletscher 7.5 3500 0.16 0.5 0.75 0.040
(Switzerland)
Franz Josef Glacier 11.5 2800 0.22 5.0 0.4 0.49
(New Zealand)
Nigardsbreen 10.5 1800 0.15 2.3 1.2 0.23
(Norway)
Breidamerkurjökull 40 850 0.025 2.0 1.5 0.17
(Iceland)
Nordenskiöldbreen 20 900 0.045 0.25 0.25 0.0071
(Svalbard)

4 Application to surging glaciers

In this section the theory is expanded to include the effect of
a glacier surge on the total dissipation. Observations of surg-
ing glaciers have shown that the surge characteristics vary
widely. First of all there is the duration of the surge, which
varies from one year or less (glaciers in steeper Alpine ter-
rain; e.g. Osipova and Tsvetkov, 1991; Mayer et al., 2011)
to up to 10 yr (large and relatively flat glaciers in Svalbard;
e.g. Melvold and Hagen, 1998; Sund et al., 2009). The dura-
tion of the quiescent phase depends first of all on the climate.
Glaciers in wetter climates gain mass in the accumulation
area more rapidly, which normally implies a shorter surge
cycle.

Basal water plays a central role in the surge mechanism,
but observations have not been conclusive about where it
comes from. A surge (or mini-surge) can be due to the release
of water stored englacially/subglacially or supplied within
a short period due to strong ablation or intense rainfall. On
many glaciers it has been observed that enhanced water in-
put leads to enhanced ice velocities during a limited period
of time (e.g. Iken and Bindschadler, 1986; Anderson et al.,
2004; Van de Wal et al., 2008). Large glaciers in Svalbard
show sudden accelerations in flow even during winter (Dunse
et al., 2011), and these can only be explained by water which
suddenly finds its way to a larger area of the glacier bed and
facilitates sliding by increasing water pressures.

In some theories of glacier surges, there is a crucial role for
water generated by the surging process itself, i.e. caused by
frictional heating related to strongly enhanced sliding (Budd,
1975; Kamb et al., 1985; Sharp, 1988; Fowler et al., 2001;
Van Pelt and Oerlemans, 2012). It is unclear how large the
supply of water from this dissipation process is in relation to
the supply of melt water and rain. This is the central question
to be investigated now.

During a surge the centre of gravity of a glacier is lowered,
irrespective of whether the surge involves a frontal advance
or is just a thinning of the upper part and a thickening of
the lower part of the glacier. Here we simply assume that
during a surge the glacier advances and increases its length
by a certain fraction. The post-surge state then has a smaller
characteristic ice thickness and a greater length, determined
by the conservation of mass (Fig. 2).

A formulation for the change in potential energy during a
surge is now derived. First we note that the centre of gravity
is at height

Z = b0 −
sL

2
+

H

2
. (11)

Since we assume that mass is conserved, the net balance is
zero. This implies (suffix “b” forbefore surge, suffix “a” for
after surge):

HbLb = HaLa. (12)

Writing La = λLb, whereλ is a dimensionless constant, we
thus have

Zb = b0 −
sLb

2
+

Hb

2
, (13)

Za = b0 −
sLa

2
+

Ha

2
= b0 −

sλLb

2
+

Hb

2λ
, (14)

so for the change in potential energy we find:

1P = gM(Za− Zb) = −gM

[
sLb

2
(λ − 1) +

Hb

2
(1−

1

λ
)

]
, (15)
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Table 2.Estimated melt rates for four surging glaciers. In the first four columns some characteristics are given. Note that the mean slope of
these glaciers differs widely. In the last column, the dissipative melt rate due to surging is compared to the dissipative melt rate implied by the
regular mass turnover. Note that the surging melt rate has the same order of magnitude as the precipitation rate (ṗann). Input data from Kamb
et al. (1985) (Variegated Glacier), Björnsson et al. (2003) (Tungnaárjökull and Leirufjarjökull), Melvold and Hagen (1998) (Kongsvegen).

Glacier L s T λ ṗann ṁdis msur ṁsur ṁsur/ṁdis
(km) (a) (m a−1) (m a−1) (m) (m a−1)

Variegated Glac. 20 0.094 0.7 1.1 1.71 0.103 0.696 0.994 9.65
(Alaska)
Leirufjarjökull 5 0.130 0.5 1.2 1.08 0.022 0.431 0.862 39.2
(Iceland)
Tungnaárjökull 35 0.024 0.3 1.06 1.88 0.059 0.520 1.732 29.4
(Iceland)
Kongsvegen 29 0.018 5 1.06 0.35 0.0061 0.191 0.038 6.23
(Norway)

whereM is the total mass of the glacier.
The amount of water generated during the surge, averaged

over the glacier, then is (usingM = ρHbLb):

msur =
gρHb

LLm

[
sLb

2
(λ − 1) +

Hb

2
(1−

1

λ
)

]
. (16)

Later the mean melt rate due to the surge (and averaged over
the surge duration) will also be considered. It is defined as

ṁsur = msur/T , (17)

whereT is the duration of the surge.
With the formulations developed in the previous para-

graph, it is now possible to compare the melt rate due to
the enhanced ice movement during a surge with the other
water inputs. In Table 2, numbers are given for four surg-
ing glaciers with very different geometric characteristics. For
Variegated Glacier, the “normal” dissipative melt rate is esti-
mated as 0.19 m a−1 (the term “normal” is used for the dis-
sipation in case of steady state, which is a fictive state for a
surging glacier but nevertheless may serve as a useful refer-
ence). The total amount of water produced during a surge is
calculated to be about 0.70 m. Taking as a typical surge du-
ration 0.7 a (Kamb et al., 1985), this implies a melt rate of
0.99 m a−1, i.e. considerably more than the normal dissipa-
tive heating.

For the slowest flowing glacier in the sample, Kongsve-
gen, the normal dissipation is only 0.006 m a−1, and the wa-
ter produced during a surge amounts to 0.19 m. Glaciers
on Svalbard have a much longer surging phase (typically
5 yr, e.g. Hagen et al., 1998; Sund et al., 2009), imply-
ing a melt rate of only 0.038 m a−1. However, this is still
a far greater rate than the normal dissipative heating. The
Icelandic glaciers in the sample, a rather flat one (Tung-
naárjökull, which is part of Vatnajökull) and a steeper one
(Leirufjarjökull), have surge dissipation rates that are far
greater than the normal dissipation rate.

The last column in Table 2 shows values forṁsur/ṁdis,
typically ranging from 6 to 40. This then leads to a signifi-
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Fig. 5. A sketch showing how a surge without an advance of the
glacier front can be represented in the simple geometry used earlier,
by adjusting the surface slope (compare with Fig. 2).

cant conclusion:melt water production implied by enhanced
glacier movement during a surge is considerably greater
than the normal dissipative melt rate. Since the normal dissi-
pative melt rate as defined here is greater than the actual melt
rate (because the loss of potential energy during the quiescent
phase of a surge cycle will be less than for a fictive steady
state situation), the ratios shown in Table 2 are conservative
estimates.

In Table 2 the mean precipitation rate on the glaciers (ṗann)

is also given. Whether in the form of meltwater or rain, this
will also enter the hydraulic system of the glacier (normally
supra-glacial discharge is small, e.g. Fountain and Walder,
1998). For Tungnaárjökull and Leirufjarjökull,̇pann is about
the same aṡmsur. For Variegated Glacier and Kongsvegen,
ṗann is significantly greater thaṅmsur. The second conclusion
of these calculations therefore is thatthe water produced by
enhanced glacier movement during a surge does not grossly
upset the total water budget of a glacier. In a wet year, the
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same amount of water could be added just because of exces-
sive precipitation.

Concerning the role of dissipative melting in the dynam-
ics of a surging glacier, the findings of this study thus leave
two possibilities: (i) water generated by the surging motion
itself is less important than previously thought, or (ii) wa-
ter generated by the surging motion accumulates in a part of
the glacier base where surface meltwater and rain have no
or very limited access. The second possibility seems to be in
line with the fact that many surges are initiated in the lower
accumulation zone (e.g. Raymond, 1987; Sund et al., 2009).

At this point it should be noted that the surging mecha-
nism of Variegated Glacier has more to do with a restructur-
ing of the hydraulic system (switch from a tunnel system to
a pressurized linked-cavity system) than with the availabil-
ity of basal water per se (Kamb et al., 1985). Here theories
in which the production of water by the surge itself plays a
crucial role (e.g. Fowler et al., 2001) are probably less ap-
plicable. Nevertheless, it is of interest to calculate the total
dissipative melting during a surge and how this compares to
other glaciers, as shown in Table 2.

5 Discussion

For temperate glaciers, dissipation related to ice motion (de-
formation and sliding) and running englacial water implies
melting of ice. The notion that dissipation in a glacier sys-
tem can be estimated from the release of potential energy
makes it possible to study the effect on the water budget. In
this note this has been worked out for a simple glacier ge-
ometry, which illustrates the principle of the approach well.
When sufficient input data are available, the procedure can
also be applied to more complex geometries. However, this
will probably not change the major conclusion, namely that
the amount of water produced by enhanced ice motion during
a surge is larger than that due to the regular mass turnover,
but not larger than the amount of water supplied by surface
melt and rain.

Surges do not always lead to a significant advance of the
glacier front (e.g. Sund et al., 2009). Some surges only lead
to thinning in the upper part of a glacier and thickening in
the lower part. This also implies a lowering of the centre of
gravity, and for a simple schematic representation (Fig. 5) the
dissipation can be calculated by analogy with the approach
taken for advancing glaciers (not discussed further here). In
fact, formulations for the dissipation can be developed for
more complex geometries as well, but then it appears to be
more useful to use geometries of real glaciers and to evaluate
Eq. (2) before and after a surge.

Here only thetotal water budget has been considered,
which is a clear limitation of the theory. A number of quanti-
tative theories of glacier surges have also considered a glacier
as a single entity, the dynamics of which can be described by
characteristic variables (e.g. the “lumped parameter model”

of Fowler et al., 2001; Mayer et al., 2011). Other models with
spatial resolution to calculate the ice flow have very simple
treatments of basal water. For instance, Flowers et al. (2011)
prescribedbasal water pressure to match observed sliding
velocities. Van Pelt and Oerlemans (2012) calculate the pro-
duction of basal water explicitly, but do not include a realistic
water routing system. The present study suggests that, in fu-
ture, numerical modelling of glacier surge water inputs from
enhanced basal sliding, surface meltwater and rain have to
be dealt with in combination with a spatially distributed wa-
ter routing system.

Transient behaviour has not been considered in this paper.
All calculations were carried out for steady states, or for the
difference between two steady states (in the case of surges).
The theory could be extended to cases where more mass is
removed from a glacier than added, or the other way around.
However, it is likely that, for steadily retreating or advanc-
ing glaciers, the relative importance of the various terms in
the water budget will be similar to that for the steady-state
cases considered here. Even for strongly retreating glaciers,
the flow of mass and surface water through the system re-
mains substantial.
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