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Abstract

In this note the total dissipative melting in temperate 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
a 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 low-
ering of the centre of gravity of the glacier.

To illustrate the concept, schematic calculations are presented for a number of
glaciers with different geometric characteristics. Typical dissipative melt rates, ex-
pressed as water-layer depth averaged over the glacier, range from a few cm per year
for smaller glaciers to half a meter 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 typically half a meter. For Var-
iegated Glacier a value of 70cm is found, for Kongsvegen 20 cm. These values refer
to water layer depth averaged over the entire glacier. The melt rate depends on the
duration of the surge. It is generally an order of magnitude larger than the water pro-
duction by “normal” dissipation. On the other hand, the additional basal melt rate during
a surge is comparable in magnitude to the water input from meltwater and precipita-
tion. This suggests that enhanced melting during a surge does not grossly change the
total water budget of a glacier. Basal water generated by enhanced sliding is an im-
portant ingredient of 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 enhanced sliding is accumulating in a part of
the glacier base where surface meltwater and rain has no or very limited access. This
finding seems compatible with the fact that on many glaciers surges are initiated in the
lower accumulation zone.
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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). However, 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 hydraulic sys-
tem may come from meltwater generated at the surface, from rain, and from englacial
melting due to dissipation. An intriguing question thus arises: what is the relative impor-
tance 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 gen-
erated by the enhanced dissipation during surge motion compare to the water budget
for steady-state conditions?

In this note the total water budget of a glacier is studied, 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 concepts. It will be argued
that the total dissipation in a glacier system can be estimated from the loss of potential
energy associated with the ice motion and the movement of water through the glacier.

Many processes affect the heat content and thermal structure of a glacier. The sur-
face energy budget, determined mainly by turbulent fluxes and longwave and short-
wave (solar) radiative contributions, has been studied well by the deployment of
weather stations (e.g. Oerlemans, 2010). When the surface energy flux is positive
and the glacier surface is at the melting point, melting will occur and the meltwater
can either enter the glacier’s hydraulic system or refreeze when it penetrates into cold
firn. Globally 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
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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 energy. 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 ten times easier then 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 sublima-
tion/ 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 generally valid.

The idea of estimating the dissipative meltwater production from the loss of potential
energy can also be applied to surging glaciers. When a glacier surges the centre of
gravity is lowered, and there is a loss of potential energy which is not related to the
exchange of mass with the environment. When a surge occurs in a fixed time span, the
average water production 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 complex process (e.g. Fountain
and Walder, 1998; Jansson et al., 2003), with many different mechanisms working
in a system 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
schematically indicated.
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Admittedly, the approach taken here will not shed light on the details of water trans-
port through the glacier body, but merely provide estimates of the various components
of the total water budget.

The water budget of a glacier can be formulated as
daw

e M+R+D-Q (1)
where W is 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 dissi-
pation and Q@ is the runoff at the glacier terminus. The terms in Eq. (1) have dimension
kg s™'. The relative magnitude of the various terms depends on the time scale consid-
ered. When viewed over a year, the storage term will be small, but it may be large for
periods of days or weeks. R will generally be small, except for periods with excessive
rainfall.

The basic idea to be explored in this paper is to see if the total production of melt-
water can be calculated from a consideration of the energy budget of a glacier, and to
compare this with the other water inputs. The total dissipation can be estimated from
the loss of potential energy associated with the motion of ice and water. The first at-
tempt to use such an approach to estimate the dissipative heating was carried out by
Oerlemans and Jonker (1985).

The total potential energy P of a glacier is defined as

P =pg / uz'dxdydz’. 2
space
Here i =1 when a point in space (x,y,Z’) is ice, u = 0 otherwise. Furthermore, p is

ice density and g 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=MgZz, (3)
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where M is the total mass of the glacier and Z is the height of the geometric center
of gravity. When a glacier is in steady state, P does not change because the mass
leaving the glacier is replaced by accumulation. However, the dissipation is determined
by the loss of potential energy associated 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 associated with this. To obtain a feeling for
an order of magnitude, one may calculate the amount of ice g that can be melted by
dissipation when a block of ice having a mass m travels downwards over a vertical
distance Az:

m
Here L, is the latent heat of fusion (334 kJ kg‘1). Taking g = 9.8 ms~2and Az = 500 m,
we find that g/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 the glacier which melts in
spring/summer will enter the glacier’s hydraulic system. The same applies to rain,
which is mainly drained through the glacier rather than over the surface (e.g. Foun-
tain and Walder, 1998). The frictional heating involved 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 thickness H, lying on a bed with a constant slope s (Fig. 2). The
bed is given by:

b(x) = by — sx, (5)
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where b, is the bed elevation at the glacier head. The precipitation rate (snow plus
rain) is assumed to be a linear function of altitude, according to

p=p0+yh1 (6)

where p is the precipitation rate [kg m™2 3‘1], Py is the precipitation rate at sea level, y

is the altitudinal precipitation gradient [kg m~3s7"], and h is the surface elevation. For
convenience, later y will also be expressed in myr'1 km~'.

For the geometry outlined above, the mean annual precipitation on the glacier is
given by

L

L

. 1. 171 . 1

Bam = 7 [ P0G = T [180 4 vibo - sx+ Hjdx =po + Vibo + Hp) = g¥sL. (1)
0 0

Here H,, is the mean thickness of the glacier. Various assumptions can be made about
the loss of potential energy related to ablation. Ice melts at the surface but then finds its
way into the glacier. Most of the kinetic energy associated with the running water in the
hydraulic system will be dissipated within the glacier to melt additional ice (for instance
at the tunnel walls and at the ice—bed interface). The kinetic energy of the river outflow
at the glacier snout can be neglected. It thus is natural to assume that the loss of po-
tential energy is proportional to (h— b, ), where b, 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 formulation of the total dissipation, because it is not
necessary to consider snow accumulation and rain seperately.
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15

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

L L
Pp = g/[)(x){h(x) —h, dx = g/{po +yY(bg-sx+H)}(H-sx+sL)dx
0 0

—g [{po # V{bo + H))(H + SLIL — 25(5q + vbo + 2YH)LE + %yszLS] | ®)
Note that if the precipitation is constant (y = 0) it follows that
. 1 1
P, = 9P [(H +sL)L - EsLZ] =9gpo [HL + EsLZ] . (9)

If Pp is divided by the latent heat of fusion L, by the glacier length, and by the density
of water, the mean specific meltwater production by dissipation is obtained in m of
water equivalent:

; i (10)
My = ————.

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

_amL1/2

m=

11
1+vs’ (11)
where a,, ~ 3 m'/2 and v~ 10 (a dimensionless constant) In eq. (11), H,, is the mean
thickness of the glacier, which is now identified with H as used in the simple geometry
of Fig. 2.
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In Fig. 3, my; is plotted as a function of L for different values of the precipitation gra-
dient y. Other parameter values are: b, = 2000 m, p, = 1000 kg m~? yr'1, s=0.1. This
value of s implies a gently sloping glacier; for L = 20 km the front of the glacier would
be at sea level. Note that L is prescribed, and not calculated in relation to a climatic
forcing.

First of all it can be noted that the dissipative production of meltwater ranges from
a few cm per year for smaller glaciers to over 10cm per year for larger glaciers in
a climate with a large precipitation gradient. It should be stressed that the higher values
for y used here (y =0.5 and 1 myr'1 km‘1) are not uncommon. In the glacier regions
in southern Norway, for instance, typical values are between 0.5 and 1.2 myr‘1 km™"
(Dstrem 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 in a different perspective. Now
the bed slope is varied for a given glacier length (5, 10 and 20 km). The altitudinal range
has been limited to 2000 m (recalling that b, = 2000 m). Precipitation parameters in this
case are: p, = 1000kg m~2 yr’1 (equivalent to pg =1 myr'1) andy =0.75 myr'1 km™".

For a given glacier length, the dissipative melt rate always increases with the slope.
For a constant precipitation rate the increase would be linear, see eq. (9), but with
precipitation depending on height the increase is stronger. Steeper glaciers are less
thick (dashed lines in Fig. 4), but this only partly compensates the effect of a larger
altitudinal range. Altogether the differences 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 as
large as for a 5 km long glacier.

In Table 1 values of mg for some real glaciers are given, based on rough estimates
of the geometric characteristics. Franz-Jozef 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 dissipative melt rate of only a few cm per year. From the table one
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may conclude that a typical dissipative melt rate is 0.1 myr‘1 , but that values vary over

at least one order of magnitude.

The equations used so far to estimate the dissipative heating were 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.

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 surging 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 terrain; e.g. Osipova and Tsvetkov, 1991; Mayer et al.,
2011) to up to 10yr (large and relatively flat glaciers in Svalbard; e.g. Mjelvold and
Hagen, 1998; Sund et al., 2009). The duration of the quiescent phase depends first of
all on the continentality of the climatic setting. 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 input 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 wintertime
(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.
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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 by 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 thick-
ening 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
than has a smaller characteristic ice thickness and a greater length, determined by the
conservation of mass (Fig. 2).

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

L H
Z=bo—%+§. (12)
Since we assume that mass is conserved, the net balance is zero. This implies (suffix
b for before-surge, suffix a for after surge):

HbLb =HaLa. (13)

Writing L, = AL,,, where 1 is a dimensionless constant, we thus have

Z = by~ Lo o 14

b=bo-—+5 (14)
sL, H sAL,  Hy

Za=bo——2a+?a=b0_ 2 +§’ (15)
sL, Hp, SAL, H, sL, Hy 1

Z,—Zy=-—ty b 2 b _2mbg gy oy 1)) 16

amb =gttt T T )+2( ) (16)
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So for the change in potential energy we find:

sLy, H, 1
AP=gM(Z,-Z,)=gM | —(A-1)+—(1-=]], (17)
2 2 A
where M is the total mass of the glacier.
So the amount of water generated during the surge, averaged over the glacier, then
is (using M = pHyLy):

M gpH, [sL H 1
My = T (Za=2y) = = | A=+ (1-7]|- (18)
m

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

msur = msur/Ts (19)

where T is the duration of the surge.

With the formulations developed in the previous paragraph it is now possible to com-
pare 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 surging glaciers with very differ-
ent geometric characteristics. For Variegated Glacier the “normal” dissipative melt rate
is estimated as 0.19myr'1 (the term “normal” is used for the dissipation in case of
a steady state, which is a fictive state for a surging glacier but nevertheless may serve
as a useful reference). The total amount of water produced during a surge is calculated
to be about 0.70 m. Taking as a typical surge duration 0.7 yr (Kamb et al., 1985), this
implies a melt rate of 0.99 myr‘1, i.e. considerably more than the normal dissipative
heating.

For the slowest flowing glacier in the sample, Kongsvegen, the normal dissipation is
only 0.006 myr'1, and the water produced during a surge amounts to 0.19 m. Glaciers
on Svalbard have a much longer surging phase (typically 5yr, e.g. Sund et al., 2009),
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implying a melt rate of only 0.038 myr‘1. However, this is still a much larger rate than
the normal dissipative heating. The Icelandic glaciers in the sample, a rather flat one
(Tungnaaarjokull, which is part of Vatnajokull) and a steeper one (Leirufjarjokull) have
surge dissipation rates that are much larger than the normal dissipation rate.

The last column in Table 2 shows values of myg,,/my;s, typically ranging from 6 to 40.
This then leads to a significant conclusion: melt water production implied by enhanced
glacier movement during a surge is considerably larger than the normal dissipative
melt rate. Since the normal dissipative melt rate as defined here is larger 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 (p,,,) 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 Tung-
naaarjokull and Leirufjarjokull, p,,, is about the same as my,,. For Variegated Glacier
and Kongsvegen, p,,, is significantly larger than my,,. The second conclusion of these
calculations therefore is that the 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
same amount of water could be added just because of excessive precipitation.

Concerning the role of dissipative melting in the dynamics 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) water generated by the
surging motion is accumulating in a part of the glacier base where surface meltwater
and rain has 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 mechanism of Variegated Glacier has
more to do with a restructuring of the hydraulic system (switch from a tunnel system
to a pressurized linked-cavity system) than with the availability of basal water per se
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(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 applicable. 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 (deformation and sliding) and
running englacial water implies melting of ice. The notion that dissipation in a glacier
system 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
geometry, which illustrates the principle of the approach well. When sulfficient 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 in anology
with the approach taken for advancing glaciers (not further discussed here). In fact,
formulation 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 evaluate
Eq. (2) before and after a surge.

Here only the total water budget has been considered, which is a clear limitation of
the theory. A number of quantitative theories of glacier surges have also considered
a glacier as a single entity, the dynamics of which can be described by characteris-
tic variables (e.g. the “lumped parameter model” of Fowler et al., 2001; Mayer et al.,
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2011). Other models, with spatial resolution to calculate the ice flow have very simple
treatments of basal water. For instance, Flowers et al. (2011) prescribed basal water
pressure to match observed sliding velocities. Van Pelt and Oerlemans (2012) calcu-
late the production of basal water explicitly, but do not include a realistic water routing
system. The present study suggests that in future numerical modelling of glacier surges
water inputs from enhanced basal sliding, surface meltwater and rain have to be dealt
with in combination with a spatially distributed water routing system.

It should also be possible to use the concept of calculating the dissipative melting
from the release of potential energy in a spatially-distributed approach. Combined with
a water routing scheme, this would provide a relatively simple method to model the
hydrology of a temperate glacier and to study the coupling of hydrology and glacier
dynamics.

Acknowledgements. | am grateful to Ward van Pelt for his constructive criticism and detailed
comments on a draft of this paper.
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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 (Damma-
gletscher and Rhonegletscher), Anderson et al. (2006) (Franz-Josef Glacier), Andreassen
and Windsvold (2012) (Nigardsbreen), Bjérnsson et al. (2003) (Breidamerkurjokull), Van Pelt
et al. (2012) (Nordenskidldbreen).

glacier L by, s Po 14 Myis
(km) ~ (m) (myr™) (myr"km™) (myr)
Dammagletscher (Switzerland) 1.7 3400 05 0.5 0.75 0.025
Rhonegletscher (Switzerland) 75 3500 0.16 0.5 0.75 0.040
Franz-Josef Glacier (New Zealand) 11.5 2800 0.22 5.0 0.4 0.49
Nigardsbreen (Norway) 10.5 1800 0.15 2.3 1.2 0.23
Breidamerkurjékull (Iceland) 40 850 0.025 2.0 1.5 0.17
Nordenskidldbreen (Svalbard) 20 900 0.045 0.25 0.25 0.0071
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Table 2. Estimated melt rates for four surging glaciers. In the first four columns some charac-
teristics are given. Note that the mean slopes of these glaciers differ widely. In the last column
the dissipative melt rate due to surging is compared to the disspative melt rate implied by the
regular mass turnover. Note that the surging melt rate has the same order of magnitude than
the precipitation rate (p,,,). Input data from Kamb et al. (1985) (Variegated Glacier), Bjérnsson
et al. (2003) (Tungnaarjdkull and Leirufjarjkull), Mjelvold and Hagen (1998) (Kongsvegen).

glacier L s T 1 pann mdis Meyr msur msur/
(km) () (myr™) (myr) (m) (myr) g
Variegated Glac. (Alaska) 20 0.094 07 11 1.71 0.103 0.696 0.994 9.65
Leirufjarjokull (Iceland) 5 0.130 05 1.2 1.08 0.022 0.431 0.862 39.2
Tungnaarjokull (Iceland) 35 0.024 03 1.06 1.88 0.059 0.520 1.732 29.4
Kongsvegen (Norway) 29 0.018 5 1.06 0.35 0.0061 0.191 0.038 6.23
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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 sliding (solid red curve).
Possible pathways of water through the system are schematically indicated. Transport can be
through arborescent englacial channels, and, at the glacier base, linked cavities and subglacial
conduits. All mass is assumed to leave the glacier at the glacier snout.
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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.
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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 myr'1 km"). Parameter values: b, =
2000m, p, = 1000myr~', s = 0.1.
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as a function of bed slope, for three values of the glacier length as indicated in the figure.
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in the simple geometry used earlier by adjusting the surface slope (compare with Fig. 2). FuliSereen AEse
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