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[1] Storglaciären, northern Sweden, is temperate in most parts except for a cold surface
layer in the ablation zone. One of four possible sources for liquid water in temperate ice is
melting due to strain heating. Velocity fields are calculated with an ice flow model, so
that calculated and observed surface velocities agree. Meltwater accumulation is computed
by integrating strain heating along trajectories starting at the surface in the accumulation
area and ending at the cold-temperate transition surface in the ablation zone. The
distribution of moisture content due to strain heating alone is mapped in a longitudinal
section of Storglaciären. Values reach more than 10 g of water per kilogram ice-water
mixture in the lowest parts of the temperate domain. For this moisture content the rate
factor is more than 3 times higher than for water-free ice, and therefore water
production by strain heating is important for the modeling of temperate and polythermal
glaciers.
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1. Introduction

[2] Flow properties of temperate ice depend on the content
of moisture in the ice matrix; however, only one study has
attempted to quantify this relation [Lliboutry and Duval,
1985]. In order to comprehensively model the flow of a
temperate or polythermal glacier, it is essential to know the
spatial variation in the water content in the temperate part of
the glacier and the temperature distribution in the cold part.
This is particularly true near the bed in the ablation area
where shear rates are high, and thus the impact of the water
content on the flow behavior is expected to be high.
[3] Temperate ice is sometimes defined as ice at the

pressure melting point. This may be an acceptable approx-
imation in the case of pure ice. However, if salts are present,
as at Hansbreen, Spitsbergen [Jania et al., 1996], the
definition of and the distinction between temperate and
cold ice becomes more diffuse [Paterson, 1971]. The
thermodynamic properties of a ternary mixture of ice, water
and salts define a temperature range where a change in heat
content leads to a change both in temperature and in brine
content [Untersteiner, 1961; Ono, 1967]. In this work, ice is
treated as temperate if a change in heat content leads to a
change in liquid water content alone, and is considered cold
if a change in heat content leads to a temperature change
alone. For Storglaciären, northern Sweden, this assumption
seems to be justified by a good correspondence between the
depth of radar echoes and the depth of the seemingly sharp
transition between isothermal temperate ice and cold ice
with a nonzero vertical temperature gradient, as observed by
direct temperature measurements [Pettersson et al., 2004].

[4] There are four different potential sources for liquid
water in the ice matrix in glaciers [Paterson, 1971; Lliboutry,
1976]: (1) water trapped in the ice as water-filled pores
close off at the firn-ice transition in the accumulation area;
(2) water entering the glacier through cracks and crevasses
at the ice surface in the ablation area; (3) changes in the
pressure melting point due to changes in the lithostatic
pressure; and (4) melting due to energy dissipation by
internal friction, henceforth referred to as strain heating.
Sources (3) and (4) can be estimated by modeling, whereas
sources (1) and (2) are extremely difficult to quantify due to
complex microphysics and drainage processes.
[5] During the melt season, meltwater percolates through

the firn and forms an aquifer with a thickness of about 5 m
on top of the firn-ice transition in the accumulation area.
This transition is assumed to be impermeable [Schneider,
1999]. The water-saturated zone contrasts with the low
water content of the ice beneath the firn-ice transition
[Schneider, 2000]. Freezing of water is negligibly small
within this permanently temperate zone immediately above
and below the firn-ice transition. This indicates an efficient
drainage mechanism, either laterally or via crevasses. This
makes an estimate of the amount of entrapped water
extremely difficult.
[6] Water entering the glacier through moulins and cre-

vasses at the ice surface is assumed to remain in and drain
through the conduits and thus would not contribute to the
moisture distributed within the ice matrix [Lliboutry, 1971;
Raymond and Harrison, 1975]. Fountain et al. [2005],
however, in a study on Storglaciären, found a network of
water filled planar cracks in the temperate ice. These cracks
form an interconnected pressurized hydraulic system. There
is thus a question of the extent to which water is exchanged
between the ice matrix and this drainage system (P. Jansson,
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personal communication, March 2005). This is closely
connected to the question of moisture diffusion within the
ice matrix, which is not quantifiable to date. However,
moisture diffusion is assumed to be negligibly small since
the moisture gradients are generally small. This may not be
the case close to the cracks in the ice if the pressure in the
hydraulic system of the cracks is different to the water
pressure in the ice matrix.
[7] Changes in hydrostatic pressure contribute 0.007 g of

water per kilogram ice-water mixture per meter difference
in depth (gw kg�1 m�1) [Pettersson et al., 2004], which
makes this contribution of water negligibly small every-
where in the temperate part of the glacier. Thus water
entrapment in the firn zone and strain heating seem to be
the significant sources of moisture in the ice. With an ice
flow model, strain heating can be computed and integration
along particle trajectories then yields the accumulated
liquid water generated by this process.
[8] Strain heating is the only source of liquid water in

high arctic glaciers with a temperate basal zone in the lower
tongue area beneath otherwise cold ice [Fowler and Larson,
1978; Blatter and Hutter, 1991]. In temperate and Scandi-
navian type polythermal glaciers, where most ice is tem-
perate except for a cold surface layer in the ablation area
[Holmlund and Eriksson, 1989; Jansson, 1997; Pettersson
et al., 2003], strain heating is one of the significant sources
for liquid water in the ice matrix together with water
entrapped in the firn of the accumulation area [Vallon et
al., 1976; Pettersson et al., 2004].
[9] This study compares the contributions of strain heating

and water entrapment on Storglaciären (67�550N, 18�350E), a
small Scandinavian type polythermal glacier located on the
eastern side of the Kebnekaise massif in northern Sweden
(Figure 1). The glacier is 3.2 km long from its head at
1730 m above sea level (masl) to its terminus at 1120 masl
and it has a total surface area of 3 km2. The accumulation

area consists of two cirques, a larger one to the north
contributing the major portion of the flow, and a smaller
one to the south. The glacier has an average ice thickness of
95 m, with a maximum depth of 250 m in the upper part of
the ablation area. The average thickness of the cold layer
is 31 m, with a maximum thickness of 65 m along the
southern margin. The thickness decreases toward the equi-
librium line. The surface layer in the accumulation area is
only cold seasonally. In the accumulation area, latent heat
due to surface melting is stored in the firn pack, whereas it
is lost through surface runoff in the ablation area [Paterson,
1972; Pettersson, 2004, and references therein].
[10] Pettersson et al. [2003] mapped the thickness of the

cold surface layer and found a substantial thinning between
1989 and 2001. Pettersson et al. [2004] determined the
water content at the cold-temperate transition surface (CTS)
using radar-backscattered power calibrated at three therm-
istor strings with an in situ calorimetric method. The present
work is based on the findings of Pettersson et al. [2003,
2004] and presents a model study of liquid water generated
by strain heating in Storglaciären. In the next section, the
applied flow and trajectory models are described; in section
3 the data sources, the applied boundary conditions and the
tuning procedure are explained; and in section 4 results are
presented.

2. Methods

2.1. First-Order Ice Flow Model

[11] The ice flow model used in this study is a two
dimensional, first order glacier flow model [Blatter, 1995;
Colinge and Rappaz, 1999; Pattyn, 2002]. The model
calculates horizontal and vertical velocity components, u
and w in a Cartesian coordinate system (x, z). The model
was run with 50 grid points in the x direction and 100 grid
points in the z direction, where x is horizontal and oriented
down glacier and z is vertically upward. For purposes of
flow calculations in this study, the glacier is assumed to be
temperate. This is the case except for the thin surficial cold
layer in the ablation area. Tests were made using a rate
factor that depends on temperature. However, results (not
shown) reveal that the influence of this temperature depen-
dence is negligibly small except near the cold glacier
terminus. Hence the assumption of an entirely temperate
glacier is justified.
[12] The first-order force balance is [Blatter, 1995]

2
@sxx
@x

þ @sxz
@z

¼ rg
dS

dx
; ð1Þ

where sxx and sxz are the components of the deviatoric
stress tensor 2 = T � 1

2
tr (T) I, T and I are the Cauchy

stress tensor and the unit tensor, respectively, g is the
acceleration due to gravity, and S = S(x) is the elevation of
the upper free surface. The rheology of ice is described with
a relation of the form

@u

@x
¼ F sxx; ð2Þ

@u

@z
¼ 2F sxz: ð3Þ

Figure 1. Map of surface and bed topography of
Storglaciären. Solid and dotted lines indicate surface
elevation (50 m contour interval) and bed elevation (20 m
contour interval), respectively. The dashed-dotted line is the
kinematic center line (KCL), and dots mark positions of
thermistor strings.
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Using the following notation

G ¼ 1

F
; Gx ¼

@G

@x
; Gz ¼

@G

@z
; ð4Þ

and substituting equations (2) and (3) into equation (1)
yields

G 2
@2u

@x2
þ 1

2

@2u

@z2

� �
þ 2Gx

@u

@x
þ 1

2
Gz

@u

@z
¼ rg

dS

dx
: ð5Þ

The fluidity F is a function of the effective stress sII = 1
2
tr

(2T � 2),

F ¼ F s IIð Þ
� �

¼ F sxx; sxzð Þ ¼ F sxx Fð Þ;sxz Fð Þ½ 	; ð6Þ

which can be written in the form of a nonlinear equation for
F. In the case of a modified Glen’s flow law [Blatter, 1995]
with flow law exponent n = 3,

F ¼ A s2xx þ s2xz þ s20
� �

¼ 1

2m
; ð7Þ

where A and m are the rate factor and the viscosity,
respectively, and s20 is proportional to the inverse of the
viscosity at vanishing effective stress. The resulting
equation then becomes

F3 � F2 As20 � A
@u

@x

� �2

þ 1

4

@u

@z

� �2
" #

¼ 0: ð8Þ

[13] The boundary condition at the surface is [Blatter,
1995]

sxz;S � 2
dS

dx
sxx;S ¼ 0: ð9Þ

With equations (2) and (3), equation (9) becomes:

@u

@z

� �
S

� 4
dS

dx

@u

@x

� �
S

¼ 0: ð10Þ

Either a basal velocity ub = ub(x) or a given sliding law
can be prescribed [Colinge and Blatter, 1998]. If no-slip
conditions are assumed, then ub = wb = 0. In case of a
sliding law, the basal shear traction tb and the sliding
velocity vb are functionally related through F (tb, ub) =
0.

2.2. Trajectory Model

[14] Given is the velocity field v = v(r), where r = OP
	!

points to a given location P. The starting point of a
particle is P0 with the location vector r0 = OP0

		!
at the

time t0. The trajectory of the particle follows the differ-
ential equation

dr

dt
¼ v: ð11Þ

[15] A numerical solution of the differential equation (11)
uses a forward Euler iteration scheme, sometimes called
Petterssen iteration [Seibert, 1993] with an initial step

r1 ¼ r0 þ Dt v r0ð Þ ð12Þ

and iteration steps

riþ1 ¼ r0 þ
Dt

2
v r0ð Þ þ v rið Þ½ 	; ð13Þ

for i = 1,. . ., N. If N = 1, this scheme is called a predictor
corrector scheme. The Petterssen iteration scheme is a fixed
point iteration scheme of second-order accuracy, which
converges toward a fixed point rf = OP

	!
f ,

rf ¼ r0 þ
Dt

2
v0 þ v rf

� �� �
: ð14Þ

2.3. Strain Heating and Water Content

[16] The density of energy dissipation due to strain, Q, is
given by [Greve, 1997]

Q ¼ tr 2 � Dð Þ ¼ 2Fs2xx þ 2Fs2xz; ð15Þ

where D is the strain rate tensor. The liquid water content w
is the mass fraction of liquid water in the ice-water mixture
and thus defined as

w :¼ rw
r
; ð16Þ

where rw is the density of water and r is the density of the
ice-water mixture. The meltwater production due to strain
heating can thus be calculated using

w ¼ w0 þ
Z B

A

Q

rL
dt; ð17Þ

where L is the latent heat of melting.
[17] The ice flow model computes the strain heating Q =

Q(i,j) at each grid point (i, j) with i = 1,. . ., Nx and j =
1,. . ., Nz. Then, Q is interpolated using splines at all points
Q(l) for l = 1,. . .,Nt, where Nt is number of trajectory points.
[18] The total amount of water produced due to strain

heating is obtained through summation over all discrete
points along the trajectory,

wcts ¼ w0 þ
1

rL

XNt

l¼1

Q l � 1ð Þ þ Q lð Þ
2

Dt lð Þ: ð18Þ

3. Model Setup

[19] The following data sets were used (provided by
P. Jansson and R. Pettersson): (1) bed topography of
Herzfeld et al. [1993], (2) surface topography of Holmlund
[1996], (3) CTS topography of Pettersson et al. [2003],
(4) velocity measurements between 2001 and 2002
(P. Jansson and R. Pettersson, unpublished data), and

F04024 ASCHWANDEN AND BLATTER: MELTWATER PRODUCTION

3 of 7

F04024



(5) velocity measurements in 1983 of Hooke et al. [1989].
In this study, a kinematic center line (KCL) close to the
one described by Hanson and Hooke [1994] and Jansson
[1997] was used for the modeling study (Figure 1).
[20] A reliable velocity field is required to obtain

reliable computations of trajectories and strain heating.
The desirable way to compute the velocity field involves
solving the force balance (equation (5)) and the constitu-
tive equation (8) with the surface boundary condition
(equation (9)) and a sliding parameterization. However,
basal sliding still constitutes the grand unsolved problem
in glaciology, and coefficients occurring in such a sliding
law are virtually unknown. For this reason, a different
approach is chosen by matching the surface velocities,
which are constrained by observations, by tuning the rate
factor in the flow law and basal velocities. With given
boundary conditions, the force balance equation together
with the constitutive equation constitutes a well posed
problem with a unique solution [Colinge and Rappaz,
1999].
[21] Because the velocity data available are sparse, an

assimilation approach was chosen. Surface velocity data
from observations between 2001 and 2002 were only
available in the ablation zone at altitudes below 1400 masl,
mainly because at higher elevations, the glacier surface is
steeper and heavily crevassed and the proximity of steep
rock walls shade the satellite signal used for differential
GPS measurements Jansson and Pettersson, unpublished
data. The annual mean surface velocity between 2001 and
2002, interpolated along the chosen kinematic center line
(KCL), is depicted in Figure 2. Measured mean annual
horizontal velocities of 1983 [Hooke et al., 1989] are
represented in Figure 2 with crosses where measuring points
are close to the KCL and with asterisks where measuring
points are too far away. Average winter velocity and

summer 1983 peak [Jansson, 1997, Figure 5] are marked
with squares and diamonds, respectively.
[22] The bed topography of Storglaciären is well known

from radar profiles [Herzfeld et al., 1993], but information
about basal sliding is sparse [Hooke et al., 1992] and high
spatial and temporal variability makes extrapolation from
measured points questionable. Starting with the basal ve-
locity presented by Jansson [1997], the basal velocity was
tuned until a reasonable match with the pattern of the
observed surface velocity was found. The summer 1983
peak data serve as an upper limit for surface velocities.
Annual mean velocities and average winter velocities are
very similar, at least in the ablation zone.
[23] The rate factor A is assumed to depend on physical

properties of the ice such as temperature, pressure, water
content, crystal size and orientation, impurities, and density
[Paterson, 1994]. In the two-dimensional case, a shape
factor [Nye, 1965] is often used in order to account for
the valley shape. For isothermal glaciers, the rate factor is a
constant multiplier of the velocity field. Correspondingly,
the shape factor is a multiplier of the velocity field, since we
assume it to be constant for the entire glacier. Thus they can
be combined to one tuning parameter, B = f A, which is
again a multiplier of the velocity field.
[24] The general pattern of sliding velocities presented by

Jansson [1997] reflect the surface velocities, with peak
values in the lower part of the accumulation zone and in
the vicinity of the riegel. For tuning the model to match
observed surface velocities, several tuning parameters are
available: (1) the rate factor in the flow law for ice, (2) the
shape factor correcting for the valley shape, and (3) an
enhancement factor for a given distribution of sliding
velocities. Several criteria served to judge the model results:
(1) reasonable fit of modeled and observed surface velocity
and (2) realistic gradients in the computed velocity field.

Figure 2. Observed and simulated surface velocities and applied basal sliding velocities. Dashed line
and dotted line indicate scenario H2 and L2, respectively. Values are in meters per year.
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Unrealistic patterns in the prescribed basal velocities
resulted in unrealistically large gradients and consequently,
the iteration scheme of the flow model performed badly.

4. Results

[25] In an earlier study of Storglaciären, Albrecht et al.
[2000] found the best agreement between observed and
modeled surface velocities by using a rate factor of
0.07 yr�1 bars�3. To account for the plane-strain approx-
imation, four shape factors and two enhancement factors
for sliding conditions (1 for high and 0.7 for low sliding)
were combined for eight situations (Table 1). The high
sliding condition was used to match the higher surface
velocities of 2001/2002, the low sliding condition matched
the lower surface velocities of 1983. Best agreement with
observed surface velocities was achieved using a shape
factor of 0.40 (scenarios L2 and H2), results are depicted
in Figures 2 and 3.
[26] Trajectories with time steps of one day and of one

year were calculated forward and then backward starting at
the obtained end point. The distance Dx between the
starting point of the forward and the end point of the
backward trajectory increases with increasing trajectory
lengths; however, the ratio between Dx and the total length
l of a flow line is nearly constant, 10�3 for a time step of
one year and 10�5 for a time step of one day. In all cases,

a time step of one day was used for strain heating
calculation. Figure 4 shows the calculated trajectories.
[27] 22 backward trajectories were calculated with start-

ing points evenly distributed along the CTS between the
upper end of the cold layer and the point where it reaches
the bed. For scenario H2, the length of the shortest flow
line is 659 m with a travel time of 25 years, the longest is
2924 m and has a travel time of 209 years. Values for the
other scenarios are comparable. Trajectory calculations
close to the bed become unreliable, and thus the computed
water content also becomes less accurate toward the base
of the glacier.
[28] Figure 5 shows the calculated contribution to the

water content in the glacier due to strain heating. Scenarios
L4 and H1 indicate upper and lower limits, respectively.
The kinematic center line misses the three thermistor strings
by less than 30 m, which is close enough for a comparison
with measured water content.
[29] The water content due to strain heating in the vicinity

of the thermistor strings does not differ substantially
between the eight scenarios. All values lie between 0.4 and
0.5 gw kg�1 (Table 1). This indicates that meltwater produc-
tion by strain heating is fairly robust to velocity changes, as
long as the sliding pattern is not changed substantially.
Pettersson et al. [2004] obtained a total water content at
the three thermistor strings CTS1, CTS2 and CTS3 of 7.5 ±
0.6, 7.9 ± 0.7 and 5.8 ± 0.8 gw kg�1, respectively, and
estimated a contribution of 1 gw kg�1 from strain heating.
This rough estimate is of the same order of magnitude as the
values presented in this study, though it was based on several
simplifying assumptions.

5. Discussion and Conclusions

[30] The accuracy of the computation of moisture pro-
duction by strain heating depends on the accuracy of the
computed velocity field. The limiting process for the
accuracy is the basal sliding. Near the base the results thus
become unreliable. Besides the small contribution to the
moisture content due to changes in lithostatic pressure, the
significant contribution due to strain heating seems best
quantifiable.

Table 1. Description of Tested Scenarios Together With the

Computed Moisture Accumulated due to Strain Heating at the

Three Positions of Thermistor Measurementsa

Scenario Shape Factor f Sliding wCTS1 wCTS2 wCTS3

L1 0.36 low 0.41 0.45 0.48
H1 0.36 high 0.40 0.44 0.47
L2 0.40 low 0.42 0.46 0.49
H2 0.40 high 0.40 0.44 0.47
L3 0.43 low 0.42 0.46 0.49
H3 0.43 high 0.40 0.44 0.47
L4 0.46 low 0.42 0.46 0.50
H4 0.46 high 0.41 0.45 0.48
aShape factor values are unitless, and water content values are given in

grams of water per kilogram ice-water mixture.

Figure 3. Simulated horizontal velocities for the H2 scenario. Values are in meters per year.
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[31] The contribution of strain heating to the observed
water content at the CTS is less than 10% in the neigh-
borhood of the thermistor strings of Pettersson et al.
[2004]. However, the relative importance of strain induced
moisture to total moisture content increases farther down
glacier. Near the lower end of the CTS, this moisture
exceeds 10 gw kg�1, thus reaching a magnitude where
drainage may become significant. Seemingly, an upper limit
for water content in ice exists, above which the percolation
of water becomes dominant. The saturation level may
depend on ice properties but also on the state of straining.
This seems to be confirmed by observations of a drop in
moisture content close to the bed at Falljökull in Iceland
[Murray et al., 2000] and on the upper plateau of the Vallée
Blanche in the Massif du Mont-Blanc [Vallon et al., 1976].
[32] Lliboutry and Duval [1985] have attempted to quan-

tify the relationship between the flow properties of temper-
ate ice and its water content. A change of 10 gw kg�1 in the
water content changes the rate factor by a factor of about

three. Thus the effect of water in the ice is largest near the
bed in the ablation area, where the accumulated water due to
strain heating is highest. This effect is even enhanced by the
fact that most of the shearing occurs near the bed, and
therefore a change in the flow properties of ice near the bed
has the largest influence on the overall movement of the ice.
In this respect, ice flow models incorporating the depen-
dence of the rate factor on the moisture content, together
with calculations of the moisture distribution, are similar to
models incorporating thermomechanical coupling for cold
ice masses. This will be an important step in the future
modeling of polythermal glaciers.
[33] The combination of measured moisture content at the

CTS, such as presented by Pettersson et al. [2004], and
modeled moisture accumulated by strain heating opens the
possibility of estimating the moisture entrapped in the firn
of the accumulation area. However, this is only true if no
other significant process influences the liquid water content
in the ice matrix. The existence of a dense drainage system

Figure 4. An x-z slice along the kinematic center line of Storglaciären. The shading color indicates
temperate ice. The dashed line indicates the position of the transition surface between the cold and
temperate layer. Calculated backward trajectories from scenario H2 start at the CTS (dashed line) and are
based on a 1 day time step. The points indicate a 10 year time step. The region with dense trajectories is
an artifact of the sampling of the starting points evenly distributed along the CTS.

Figure 5. Distribution of water content (gw kg�1) due to strain heating alone and water content along
CTS (inset). Thick solid lines indicate the approximate position of the three thermistor strings. The
asterisks denoting the total water content are data by Pettersson et al. [2004].
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through intraglacial cracks [Fountain et al., 2005] suggests
the possibility of additional sources and sinks of moisture.
[34] The difference between the high liquid water content

in the top firn layers of the accumulation zone [Schneider,
1999] and the comparably small amount trapped in the ice
of the accumulation zone indicates an efficient drainage
mechanism. If the moisture trapped in the firn is limited by
saturation, this would reduce the importance of melt in the
firn zone and thus reduce the climatic contribution to the
liquid water content of the temperate ice, and consequently,
to the thickness and dynamics of the cold layer.
[35] Together with the in situ calorimetric determination

of moisture content at the CTS and the areal extrapolation
with radar backscatter [Pettersson et al., 2004], the pro-
posed computation of moisture generated by strain heating
provides the possibility of computing the 3-D moisture
distribution in the temperate ice of Scandianvian type
polythermal glaciers. Measurements of the distribution of
liquid water in a glacier, for example by borehole radar, may
provide data to validate the model computations, and as a
consequence, to further constrain other sources and sinks of
moisture and possibly, basal sliding.
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