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Introduction

Introduction

The hydrological year 1998/99 was characterised
by a cold and dry winter season and cold and wet
summer. The mass balance was negative on all the
6 glaciers studied this year, basically because of the
low winter balances. The initiation of the summer
was warm and sunny, but from mid July to the end
of the season temperatures were far below average.

The year 1999 was also characterised by changes
in positions within the glaciology division and also
changes of technical and administrative staff. I
received the professorship in glaciology, with focus
on climate, and Peter Jansson became associate
professor in physical geography.

July 2000

Per Holmlund
Professor

Our two technicians on external fundings, Mats
Nilsson and Krister Jonsson left Tarfala and they were
replaced by Lisette Lundström and Lars Lidstöm. In
1999 we extended our staff with a half time technical
position specifically focussed on Tarfala research. This
position was allocated to Mart Nyman. In May 1999
Månika Henkow became our new administrator.

We were successful in receiving research grants
during 1999. This is encouraging as it reflects a
current interest in polar research focussed on
climate change issues. At Tarfala Research Station
we have an enormous potential to execute high
quality science, and the combination of good
fundings and a solid organisation stimulates us to
develop our scientific work for the future.



6

Tarfala Research Station Annual Report 1998–99

Tarfala Research Station

Founded 1946

The Field Station

Location
The station is located in the Tarfala Valley, 67°55’N
18°36’E, at 1130ma.s.l. in the Kebnekaise
mountains, Swedish Lappland. The valley is
surrounded by glaciers and 2000m peaks. Tarfala
can be reached by foot (25km hike) or by helicopter
from the nearest village, Nikkaluokta. Public trans-
portation is available to Nikkaluokta.

Environment
Arctic alpine environment. The tree line (birch) is
at ~700ma.s.l. in the area. Several glaciers in the
valley terminate below 1200ma.s.l. Mean annual
temperature is –4°C, resulting in widespread
permafrost conditions.

Field Station Management

Director
Professor Per Holmlund
Department of Physical Geography
Stockholm University
SE-106 91 Stockholm
Sweden
Tel. +46 (0)8 164811
Fax. +46 (0)8 164818
E-mail. per.holmlund@natgeo.su.se

Senior scientist
Associate Professor Peter Jansson
Department of Physical Geography
Stockholm University
SE-106 91 Stockholm
Sweden
Tel. +46 (0)8 164815
Fax. +46 (0)8 164818
E-mail. peter.jansson@natgeo.su.se

Administrator
Månika Henkow
Department of Physical Geography
Stockholm University
SE-106 91 Stockholm
Sweden
Tel. +46 (0)8 164777
Fax. +46 (0)8 164818
E-mail. manika.henkow@natgeo.su.se

Logistics
Mart Nyman
Department of Physical Geography
Stockholm University
SE-106 91 Stockholm
Sweden
Tel. +46 (0)8 6747591
Fax. +46 (0)8 164818
E-mail. mart.nyman@natgeo.su.se

Lars Lidström
Lisette Lundström
Climate Impacts Research Centre (CIRC)
Björkplan 6a
SE-981 42 Kiruna
Sweden
Tel. +46 (0)980 826 80
Fax. +46 (0)980 826 28
e-mail. lars.lidstrom@natgeo.su.se

lisette.lundstrom@natgeo.su.se

Availability
The station is open during the summer season:
June–September. Summer bookings must be made
before May 1. Restricted availability during winter,
contact the station director for details.

Station adress (summer only)
Tarfala Research Station
c/o Kebnekaise Turiststation
SE-981 29 KirunaSweden
Tel. +46 (0)980 55039
Fax. +46 (0)980 55043
www.geo.su.se/naturgeo/glaciologi/Tarfala/
Tarfala.htm
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Mass balance of Storglaciären 1998/99

Peter Jansson

Department of Physical Geography, Stockholm University, SE-106 91 Stockholm, Sweden

Summary

The winter balance was surveyed between April
30 and May 8, 1999 by Sara Frödin, Erik Huss,
Mart Nyman, and the author. Snow depth was
determined at 292 points by manual probing
(Appendix 1). During the same period snow density
was measured in four pits at standard locations by
stake positions 5, 10, 15, and 20 (Appendix 2). A
snow core was also extracted from the firn area at
location 29. The density profiles from these measure-
ments are seen in Figure 1–5. Table 1 shows average
densities from all measurements. At the time of the
snow density measurements, the snow temperature
was well below freezing throughout the snow pack.
These conditions prevailed throughout the measure-
ment.

The conversion of snow depth, dsnow, into water
equivalent values, dw.eq., was done by determining
an empirical relationship between the two (Figure
6). Data from the density pits and core were plotted
as cumulative water equivalent vs. cumulative snow
depth. A second degree polynomial was fit to the

data, forcing a zero intercept, yielding dw.eq. =
0.0002 dsnow

2 + 0.3414 dsnow, R2=1.0. The snow
depths recorded by probing was then converted
using this relationship. The resulting grid of water
equivalent values was then converted into a contour
map (Appendix 3) through kriging interpolation
using Golden Software Surfer. The total accumula-
tion during the winter 1998/99 was 1.33 m w.eq.
(Figure 7 & 8, Table 2).

During the spring, several new ablation stakes
were established to improve on the existing ablation
stake net. During the winter some stakes were lost
due to accumulation. In September 1999 a total of
49 stakes (Appendix 2) were available for deter-
mining the summer balance of the glacier. The abla-
tion measurements were mainly carried out by Mats
Nilsson, Jonas Nässen, and Andrea Dellenbach during
the summer. Ablation in areas with no stakes were
extrapolated using the kriging routine in Golden
Software Surfer. The ablation gradient calculated
from values of ablarion, bS, and elevation, Z, of all
stakes used in the final evaluation of the summer
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Figure 1. Snow density at stake location 5, Storglaciären,
May 1999.

Figure 2. Snow density at stake location 10,
Storglaciären, May 1999.



8

Tarfala Research Station Annual Report 1998–99

w.eq. As can be seen in figure 9, the ablation
gradient yield negative values at higher elevation
explaining the lower values obtained by this
method. The summer balance of 1999 was 1.51 m
w.eq. (Figure 7 & 8, Table 2). The distribution of
melt is shown in Appendix 4.

The winter and summer balance values yield a
net balance volume of –556*103 m3, equivalent to
–0.18 m w.eq., on Storglaciären for the 1998/99
mass balance year (Figure 7, 8 & 10). This was the
fourth consecutive year with negative mass balance.
The trend seems to fit the longer-term cyclic varia-
tions in the mass balance record.

0.0 0.2 0.4 0.6

Density (g/cm3)

300

200

100

0
D

ep
th

be
lo

w
su

rf
ac

e
(c

m
)

Stake 15

0.0 0.2 0.4 0.6

Density (g/cm3)

300

200

100

0

D
ep

th
be

lo
w

su
rf

ac
e

(c
m

)

Stake 20

0.0 0.2 0.4 0.6

Density (g/cm3)

500

400

300

200

100

0

D
ep

th
be

lo
w

su
rf

ac
e

(c
m

)

Stake 29

Table 1. Snow densities at the time of the accumula-
tion survey, May 1999. Stake locations are given in

Appendix 2.
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Figure 3. Snow density at stake location 15,
Storglaciären, May 1999.

Figure 4. Snow density at stake location 20,
Storglaciären, May 1999.

Figure 5. Snow density at stake location 29,
Storglaciären, May 1999. Figure 6. Water equivalent values as a function of snow

depth based on density measurements in pits at stake
locations 5, 10, 15, 20 and a core at stake location 29,
May 1999. Curves correspond to polynomials fits of
order 1 and 2.

Stake location Snow depth (cm) Density (g/cm3)

5 161 0.38
10 170 0.36
15 190 0.38
20 273 0.41
29 488 0.44

balance yielded bS = –0.007Z + 11.9 m w.eq.,  R2 =
0.90 (Figure 9). Using the ablation gradient to
establish the summer balance I arrive at 1.39 m
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Table 2. Mass balance of Storglaciären 1998/99.

Elevation Area Winter balance Summer balance Net balance
m a.s.l. m2 m3 m w.eq. m3 m w.eq. m3 m w.eq.

1140-1160 3300 3805 1.15 11997 3.64 -8192 -2.48
1160-1180 7700 8441 1.10 28134 3.65 -19693 -2.56
1180-1200 17100 17961 1.05 61802 3.61 -43841 -2.56
1200-1220 35800 32536 0.91 125079 3.49 -92543 -2.58
1220-1240 53400 47295 0.89 180235 3.38 -132940 -2.49
1240-1260 63700 59336 0.93 202623 3.18 -143287 -2.25
1260-1280 83600 55860 0.67 240849 2.88 -184989 -2.21
1280-1300 80800 78867 0.98 213743 2.65 -134876 -1.67
1300-1320 95300 104550 1.10 233129 2.45 -128579 -1.35
1320-1340 149900 113019 0.75 320237 2.14 -207218 -1.38
1340-1360 271300 195511 0.72 531294 1.96 -335783 -1.24
1360-1380 320000 272649 0.85 597583 1.87 -324934 -1.02
1380-1400 254400 222840 0.88 464439 1.83 -241598 -0.95
1400-1420 118200 136379 1.15 193312 1.64 -56933 -0.48
1420-1440 78600 98051 1.25 113135 1.44 -15084 -0.19
1440-1460 66200 65987 1.00 83605 1.26 -17618 -0.27
1460-1480 82000 76612 0.93 99696 1.22 -23084 -0.28
1480-1500 149100 162328 1.09 176322 1.18 -13994 -0.09
1500-1520 228000 389051 1.71 230594 1.01 158457 0.69
1520-1540 107600 164916 1.53 109993 1.02 54923 0.51
1540-1560 103300 141705 1.37 104398 1.01 37307 0.36
1560-1580 101300 139963 1.38 92747 0.92 47216 0.47
1580-1600 141800 238550 1.68 109581 0.77 128969 0.91
1600-1620 134000 253144 1.89 81821 0.61 171323 1.28
1620-1640 162200 366236 2.26 75421 0.46 290815 1.79
1640-1660 128500 325323 2.53 60580 0.47 264743 2.06
1660-1680 87800 233972 2.66 45981 0.52 187991 2.14
1680-1700 61600 165324 2.68 35049 0.57 130275 2.11
1700-1720 53400 150684 2.82 54494 1.02 96190 1.80

1140–1720 3239900 4320894 1.33 4877874 1.51 -556980 -0.18

Mass balance year
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Figure 7. The 54-year mass balance record for Storglaciären.
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Figure 8. Winter, summer and net balance as a function
of altitude, 1998/99.

Figure 9. Ablation as a function of altitude (the ablation
gradient) 1999.

Figure 10. Net balance and area distribution (%) as a
function of elevation, 1998/99.
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Mass balance of Mårmaglaciären 1998/99

Rickard Pettersson

Department of Physical Geography, Stockholm University, SE-106 91 Stockholm, Sweden

Summary

The winter accumulation was determined on April
23. Snow depths at 123 probings were performed
and snow density was measured in two pits at the
altitude of 1625m a.s.l and at 1540m a.s.l. The
mean density was 0.40 g/cm3 and 0.38 g/cm3,
respectively (figure 1 and 2). The relationship
between snow depth and snow density was approxi-
mated with exponential regression (figure 3). The
regression equation was used to calculate the mean
snow density for each snow depth probing. The
mean density was then used to convert snow depth
measurements to water equivalents (w. eq.). From
the water equivalent values the winter balance map
was constructed. The winter mass balance (figure 4)
of Mårmaglacären amounted to 1.10 m w.eq.

The summer balance ( figure 5) was determined
by means of two stakes on September 12 to the
summer balance. The ablation gradient was
calculated by means of linear regression to -0.35
cm/m (figure 6) and was used to construct the
summer balance map (figure 5). The summer mass
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Figure 3. Mean density as a function of snow depth.
The relationship was fitted with exponential regression.
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Figure 2. Snow density at 1540m a.s.l. Determined on
April 23 in a pit.
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Figure 1. Snow density at 1625m a.s.l. Determined on
April 23 in a pit.

balance amounted to -1.40 m w.eq. Thus the net
mass balance for the glaciological year 98/99
amounted to -0.30 m w.eq (figure 7).
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Figure 4. Winter mass balance map for Mårmaglaciären 98/99. Values in m w.eq.
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Figure 5. Summer mass balance map for Mårmaglaciären 98/99. Values in m w.eq.
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Figure 7. The mass balance record from Mårmaglaciären
1989/90 to 1998/99.
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Figure 6. Winter (bw), Summer (bs) and net balance
(bn) as a function of altitude for Mårmaglaciären 1998.

The equilibrium line altitude (ELA) was
calculated linearly between 1640 and 1660m a.s.l.
to 1644m a.s.l. (table 1).  The net balance gradient
was determined for 1330 to 1790 m a.s.l to 0.62

cm/m with linear regression. The ratio between
accumulation area and total area (AAR) was
calculated to 15 %.

Table 1. Mass balance of Mårmaglaciären 1998/99.

Elevation Area Winter balance Summer balance Net balance
m a.s.l. 103 m2 103 m3 m w.eq. 103 m3 m w.eq. 103 m3 m w.eq.

1320-1340 51,0 42,0 0,8 106,6 2,1 -6,5 -1,3
1340-1360 97,5 96,1 1,0 199,1 2,0 -10,3 -1,1
1360-1380 143,6 156,5 1,1 283,5 2,0 -12,7 -0,9
1380-1400 145,9 152,2 1,1 278,2 1,9 -12,6 -0,9
1400-1420 149,8 148,4 1,0 275,3 1,8 -12,7 -0,8
1420-1440 158,8 151,5 1,0 280,8 1,8 -12,9 -0,8
1440-1460 217,0 197,2 0,9 367,7 1,7 -17,1 -0,8
1460-1480 251,0 226,7 0,9 409,3 1,6 -18,3 -0,7
1480-1500 196,8 209,8 1,1 307,3 1,6 -9,8 -0,5
1500-1520 186,0 194,3 1,1 276,9 1,5 -8,3 -0,4
1520-1540 363,7 362,8 1,0 515,0 1,4 -15,2 -0,4
1540-1560 345,7 333,1 1,0 468,1 1,4 -13,5 -0,4
1560-1580 228,5 213,8 1,0 293,4 1,3 -8,0 -0,3
1580-1600 189,8 172,9 0,9 229,9 1,2 -5,7 -0,3
1600-1620 311,6 279,8 0,9 355,6 1,1 -7,6 -0,2
1620-1640 326,0 332,4 1,0 351,1 1,1 -1,9 -0,1
1640-1660 191,5 262,6 1,4 192,8 1,0 7,0 0,4
1660-1680 204,0 355,7 1,8 191,3 0,9 16,4 0,8
1680-1700 104,0 203,4 2,0 90,7 0,9 11,3 1,1
1700-1720 42,0 80,5 1,9 33,6 0,8 4,7 1,1
1720-1740 29,4 54,7 1,9 21,4 0,7 3,3 1,1
1740-1760 17,9 35,5 2,0 11,8 0,7 2,4 1,3
1760-1780 4,8 9,7 2,0 2,8 0,6 0,7 1,4
1780-1800 0,4 1,0 2,3 0,2 0,5 0,1 1,8

1320-1800 3956,8 4272,4 1,10 -5542,8 -1,40 -127,0 -0,30
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Mass balance of Riukojietna 1998/99

Per Klingbjer

Department of Physical Geography, Stockholm University, SE-106 91 Stockholm, Sweden

Summary

The mass balance record now comprises 14 years
(Figure 1, Table 1).

The winter balance of 1998/99 was survayed
by Per Holmlund in 11/4 1998 in a total of 76
probings. The snow density was determined in one
pit close to an ablationstake at 1240 m a.s.l. The
snow density was calculated to 0.40 g/cm3. During
this fieldwork three ablationstakes was drilled in
to the glacier at 1454, 1410 and 1240 m a.s.l. Stake
readings from 10/5 1998 show an additional
accumulation of 0.02 m w.eq. wich was added to
to the winter balance, thus the winterbalance
amounted to 0.94 m w.eq. (Figure 1, Table 1 and 2).

Figure 1. The mass balance record for Riukojietna 1985
- 1999.
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Abstract
The mass balance of Riukojietna now comprises 14 years. The winter balance  in 19987/99
was 0.94 m w.eq. The summer balance was -1.72 m w.eq, yielding a net balance of -0.78 m
w.eq.

The summer balance of 1998/99 was deter-
mined by means of three stakes on September 12.
by Mart Nyman The summer balance was the cal-
culated from the ablation gradient to 1.72 m w.eq.
(Figure 1, Table 1 and 2).

The net balace for the glaciological year 1998/
99 amounted to -0,78 m w.eq. (fig 1, table 2).

The estimated quilibrium line altitude (ELA)
was >1460 m a.s.l and the accumulation-area ratio
(AAR) was estimated from oblique photographs
to 5%.

Table 1. Mass balance data for Riukojietna 1985/86
to 1998/99. bw = winter balance, bs = summer

balance and bn = net mass balance.

Mass balance bw bs bn

year (m w. eq.) (m w. eq.) (m w. eq.)

1985/86 1.23 -1.77 -0.54
1986/87 1.07 -1.33 -0.26
1987/88 1.13 -2.04 -0.91
1988/89 0.89
1989/90 1.41 -1.20 0.21
1990/91 1.24 -1.17 0.07
1991/92 2.12 -1.53 0.59
1992/93 2.18 -1.83 0.35
1993/94 1.00 -1.30 -0.30
1994/95 1.45 -1.20 0.26
1995/96 1.40 -1.45 -0.06
1996/97 1.70 -2.68 -0.98
1997/98 1.36 -2.10 -0.74
1998/99 0.94 -1.72 -0.78
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Table 2. Mass balance of Riukojietna 1998/99.

Elevation Area Winter balance Summer balance Net balance
m a.s.l. 103 m2 103 m3 m w.eq. 103 m3 m w.eq. 103 m3 m w.eq.

1140-1160 29 25 0.88 -99 -3.42 -74.1 -2.54
1160-1180 45 39 0.88 -146 -3.25 -107.5 -2.37
1180-1200 60 53 0.88 -186 -3.09 -132.5 -2.21
1200-1220 65 57 0.88 -190 -2.93 -133.4 -2.05
1220-1240 94 82 0.88 -260 -2.77 -178.0 -1.89
1240-1260 133 118 0.89 -346 -2.60 -228.3 -1.71
1260-1280 189 173 0.92 -461 -2.44 -288.3 -1.52
1280-1300 259 239 0.92 -590 -2.28 -351.0 -1.36
1300-1320 391 350 0.89 -827 -2.12 -477.0 -1.23
1320-1340 512 453 0.88 -1000 -1.95 -546.6 -1.07
1340-1360 428 399 0.93 -766 -1.79 -366.9 -0.86
1360-1380 444 426 0.96 -722 -1.63 -296.2 -0.67
1380-1400 420 411 0.98 -615 -1.46 -203.8 -0.48
1400-1420 387 374 0.97 -503 -1.30 -129.5 -0.33
1420-1440 676 611 0.90 -769 -1.14 -158.4 -0.24
1440-1460 516 452 0.88 -503 -0.98 -51.3 0.10

1140-1460 4648 4260 0.92 -7985 -1.72 -3724.8 -0.80
11 May 1999 0.02
Total 0.94 -1.72 -0.78
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Mass balance of Pårteglaciären and
Salajekna 1997/98 and 1998/99

Per Klingbjer

Department of Physical Geography, Stockholm University, SE-106 91 Stockholm, Sweden

Pårteglaciären

The mass balance year 1997/98

The winter balance 1997/98 was surveyed between
April 21-22 by Mats Nilsson and the author. Snow
depth was measured in approx. 100 points by
manual probing. The mean snowdensity was
determined from one snowpit at 1340 m a.s.l. to
0.41 g/cm3. The total accumulation during the
winter 1997/98 was 1.20 m w. eq. (table 1 and 2).
During the same period, six new ablationstakes was
establised. One ablation stake from 1996/97 was
found at 1405 m a.s.l. The stakes was drilled along
profiles to establish an ablation gradient.

The ablation measurement was measured by the
the author in August 30, and two weeks later by
Krister Jonsson. The summer balance 1997/98 was
determined by from six stake measurements and
the ablation gradient was calculated by means of
linear regression. The summer balance amounted
to -1,68 m w. eq. (table 1 and 2).

The winter and summer balance yield a net
balance 1997/98 of -0.48 m w. eq. The equilibrium
line altitude (ELA) was calculated liearly betwwen
1575 and 1625 m a.s.l. to 1578 m a.s.l. The ratio
between accumulation area and total area (AAR)
was estimated to 31 % from obliqe photos taken
from helicopter.

The mass balance year 1998/99

The winter balance 1998/99 was determined
between April 24-25, by Krister Jonsson and the
author. Snow depth was measured in approx. 100
points by manual probing. The mean snowdensity
was determined from one snowpit at 1360 m a.s.l.
to 0.39 g/cm3. The total accumulation during the
winter 1998/99 was 1.17 m w. eq. (table 1 and 3).
During the same period, five new ablationstakes
was establised. One ablation stake from 1997/98
was found at 1230 m a.s.l. The stakes was drilled
along profiles to establish an ablation gradient.

The summer balance 1998/99 was determined
by Thomas Claesson and the author in September
6, by means of six stakes and the ablation gradient
was calculated by means of linear regression. The
summer balance amounted to -1,56 m w. eq. (table
1 and 3).

The winter and summer balance yield a net
balance 1998/99 of -0.39 m w. eq. The equilibrium
line altitude (ELA) was calculated liearly betwwen
1475 and 1525 m a.s.l. to 1509 m a.s.l. The ratio
between accumulation area and total area (AAR)
was estimated to 28 % from obliqe photos taken
from helicopter.

Table 1. Data on winter balance, bw (m w. eq), summer balance, bs
 
(m w. eq) and net mass balance,

bn
 
(m w. eq), at Pårteglaciären and Salajekna 1997-1999.

Mass balance Pårteglaciären Salajekna
year bw bs bn bw bs bn

1996/97 1.72 -2.59 -0.87 * * *
1997/98 1.20 -1.68 -0.48 1.95 -2.42 -0.47
1998/99 1.17 -1.56 -0.39 1.65 -2.02 -0.37

* not measured
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Table 2. Mass balance of Pårteglaciären 1997/98.

Elevation Area Winter balance Summer balance Net balance
m a.s.l. 103 m2 103 m3 m w.eq. 103 m3 m w.eq. 103 m3 m w.eq.

1050-1100 13 9.8 0.75 37.1 2.86 -27.4 -2.11
1100-1150 128 114.0 0.89 345.1 2.70 -231.1 -1.81
1150-1200 307 334.3 1.09 778.5 2.54 -444.3 -1.45
1200-1250 499 552.3 1.11 1185.4 2.38 -633.1 -1.27
1250-1300 701 825.8 1.18 1552.8 2.22 -727.1 -1.04
1300-1350 945 1166.8 1.23 1941.7 2.05 -775.0 -0.82
1350-1400 1348 1673.0 1.24 2553.6 1.89 -880.6 -0.65
1400-1450 1256 1452.0 1.16 2177.8 1.73 -725.8 -0.58
1450-1500 1096 1257.0 1.15 1724.6 1.57 -467.6 -0.43
1500-1550 1357 1659.8 1.22 1917.7 1.41 -257.9 -0.19
1550-1600 931 1158.8 1.24 1166.3 1.25 -7.6 -0.01
1600-1650 707 907.3 1.28 772.3 1.09 134.9 0.19
1650-1700 420 507.5 1.21 391.4 0.93 116.1 0.28
1700-1750 146 209.5 1.43 112.7 0.77 96.8 0.66
1750-1800 54 84.5 1.56 33.0 0.61 51.5 0.95
1800-1850 5 8.8 1.75 2.3 0.45 6.5 1.30

1050-1850 9913 11920,8 1,20 16692,4 1,68 -4771,7 -0,48

Table 3. Mass balance of Pårteglaciären 1998/99.

Elevation Area Winter balance Summer balance Net balance
m a.s.l. 103 m2 103 m3 m w.eq. 103 m3 m w.eq. 103 m3 m w.eq.

1050-1100 13 16.3 1.25 38.6 2.97 -22.3 -1.72
1100-1150 128 146.0 1.14 355.4 2.78 -209.4 -1.64
1150-1200 307 292.3 0.95 793.4 2.58 -501.2 -1.63
1200-1250 499 446.3 0.89 1193.7 2.39 -747.5 -1.50
1250-1300 701 625.8 0.89 1542.1 2.20 -916.4 -1.31
1300-1350 945 940.8 1.00 1897.2 2.01 -956.4 -1.01
1350-1400 1348 1461.0 1.08 2447.0 1.82 -986.0 -0.73
1400-1450 1256 1438.0 1.14 2038.5 1.62 -600.5 -0.48
1450-1500 1096 1428.0 1.30 1568.1 1.43 -140.1 -0.13
1500-1550 1357 1758.3 1.30 1680.5 1.24 77.7 0.06
1550-1600 931 1157.8 1.24 973.9 1.05 183.8 0.20
1600-1650 707 1000.8 1.42 603.7 0.85 397.1 0.56
1650-1700 420 560.0 1.33 277.8 0.66 282.2 0.67
1700-1750 146 221.5 1.52 68.5 0.47 153.0 1.05
1750-1800 54 82.0 1.52 15.0 0.28 67.0 1.24
1800-1850 5 8.8 1.75 0.4 0.08 8.3 1.67

1050-1850 9913 11583.3 1.17 15494.0 1.56 -3910.7 -0.39
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Salajekna

The mass balance of Salajekna was determined on
the main part of the glacier. The main part of the
glacier covers 21 km2 and extends from 900 to 1650
m a.s.l. The main unit of the accumulation area is
located in Norway and the glacier flows towards
the southeast into Sweden where it turns south.

The mass balance year 1997/98

The winter balance 1997/98 was surveyed between
April 23-24 by Mats Nilsson and the author. Snow
depth was measured in approx. 100 points by
manual probing. The mean snowdensity was
determined from one snowpit at 980 m a.s.l. to
0.45 g/cm3. The total accumulation during the
winter 1997/98 was 1.95 m w. eq. (table 1 and 2).
During the same period, five ablationstakes was
establised. The stakes was drilled along profiles to
establish an ablation gradient.

The summer balance 1997/98 was determined
by the author in August 30, from four stake
measurements and the ablation gradient was
calculated by means of linear regression. The
summer balance amounted to -2.42 m w. eq. (table
1 and 2).

The winter and summer balance yield a net
balance 1997/98 of -0.47 m w. eq. The equilibrium

line altitude (ELA) was calculated liearly betwwen
1325 and 1375 m a.s.l. to 1359 m a.s.l. The ratio
between accumulation area and total area (AAR)
was estimated to 57 % from obliqe photos taken
from helicopter.

The mass balance year 1997/98

The mass balance for 1998/99 is based on three
stakes drilled in May 11, by Per Holmlund. The
snow depth was measured when three ablations
stakes was drilled. The mean snowdensity was
assumed to be 0.45 g/cm3 (the same value as the
density during the mass balance year 1997/98 for
Salajekna). The distribution of the snow was
assumed to bi similar to the previous year. The total
accumulation during the winter 1997/98 was then
estimated to 1.65 m w. eq. (table 1 and 2).

The summer balance 1997/98 was determined
by Thomas Claesson and the author in Sept. 6, from
two stake readings. The summer balance amounted
to -2.02 m w. eq. (table 1 and 2).

The winter and summer balance yield a net
balance 1997/98 of -0.37 m w. eq. The equilibrium
line altitude (ELA) was calculated liearly betwwen
1325 and 1375 m a.s.l. to 1331 m a.s.l. The ratio
between accumulation area and total area (AAR)
was estimated to 51 % from obliqe photos taken
from helicopter.

Table 4. Mass balance of Salajekna 1997/98.

Elevation Area Winter balance Summer balance Net balance
m a.s.l. 103 m2 103 m3 m w.eq. 103 m3 m w.eq. 103 m3 m w.eq.

900-950 810 1417.5 1.75 2974.2 3.67 -1556.7 -1.92
950-1000 714 1249.5 1.75 2486.7 3.48 -1237.2 -1.73

1000-1050 1400 2450.0 1.75 4611.1 3.29 -2161.1 -1.54
1050-1100 1304 2282.0 1.75 4048.3 3.10 -1766.3 -1.35
1100-1150 1654 2894.5 1.75 4822.1 2.92 -1927.6 -1.17
1150-1200 2068 3789.0 1.83 5638.0 2.73 -1849.0 -0.89
1200-1250 1620 2783.0 1.72 4110.3 2.54 -1327.3 -0.82
1250-1300 2040 4030.0 1.98 4790.1 2.35 -760.1 -0.37
1300-1350 3080 5772.0 1.87 6649.7 2.16 -877.7 -0.28
1350-1400 7328 15410.0 2.10 14435.3 1.97 974.7 0.13
1400-1450 1137 2401.8 2.11 2024.7 1.78 377.0 0.33
1450-1500 276 559.0 2.03 439.3 1.59 119.7 0.43
1500-1550 223 466.3 2.09 312.8 1.40 153.5 0.69
1550-1600 112 252.0 2.25 135.9 1.21 116.1 1.04
1600-1650 44 99.0 2.25 45.1 1.02 53.9 1.23

900-1650 20886 40738.5 1.95 57523.6 2.42 -16785.1 -0.47
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Table 5. Mass balance of Salajekna 1998/99.

Elevation Area Winter balance Summer balance Net balance
m a.s.l. 103 m2 103 m3 m w.eq. 103 m3 m w.eq. 103 m3 m w.eq.

900-950 810 1174.5 1.45 3161.8 3.90 -1987.3 -2.45
950-1000 714 1035.3 1.45 2584.8 3.62 -1549.5 -2.17

1000-1050 1400 2030.0 1.45 4671.6 3.34 -2641.6 -1.89
1050-1100 1304 1890.8 1.45 3981.9 3.05 -2091.1 -1.60
1100-1150 1654 2398.3 1.45 4582.1 2.77 -2183.8 -1.32
1150-1200 2068 3168.6 1.53 5143.1 2.49 -1974.5 -0.95
1200-1250 1620 2297.0 1.42 3570.0 2.20 -1273.0 -0.79
1250-1300 2040 3418.0 1.68 3917.7 1.92 -499.7 -0.24
1300-1350 3080 4848.0 1.57 5042.4 1.64 -194.4 -0.06
1350-1400 7328 13211.6 1.80 9921.1 1.35 3290.5 0.45
1400-1450 1137 2060.7 1.81 1217.2 1.07 843.4 0.74
1450-1500 276 476.2 1.73 217.3 0.79 258.9 0.94
1500-1550 223 399.4 1.79 112.4 0.50 287.0 1.29
1550-1600 112 218.4 1.95 24.7 0.22 193.7 1.73
1600-1650 44 85.8 1.95 -2.8 -0.06 88.6 2.01

900-1650 20886 34472.7 1.65 -48145.4 -2.02 -13672.7 -0.37
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Glacio-meteorological studies on
Storglaciären in 1999

Regine Hock1, Jonathan L. Carrivick2 and Ulf Jonsell3

1Department of Physical Geography, Stockholm University, SE-10691 Stockholm, Sweden
2 Cranfield University at Silsoe, Bedfordshire, MK45 4DT, England

3Department of Earth Sciences, Uppsala University, Villav. 16, SE-752 36 Uppsala, Sweden

Abstract
An automatic weather station was run on Storglaciären during the melt season 1999, collecting
half-hourly data on air temperature, humidity, wind speed, radiation components and
precipitation. The data are used for studies on surface energy balance, glacio-meteorology
and melt modelling.

Figure 1.  Weather station on Storglaciären on 14 August 1999. Radiation mast to the left and temperature/
humidity/wind speed mast to the right. Photograph by Margareta Johansson.

Methodology

An automatic weather station was operated close
to the equilibrium line altitude in the upper ablation
area of Storglaciären (ca. 1380 m a.s.l.) from 8
May to 15 September 1999 (Figure 1). An overview
of the measurements and the instrumentation is
given in Table 1. In addition, cloud observations
(cloud cover and type) were recorded throughout
most of the period. The data are used for energy
balance studies (Carrivick et al., 2000), glacio-
meteorolgical investigations and glacier melt
simulations.

The temperature/humidity sensors and most
radiation instruments were artificially ventilated.
The Eppley pyrgeometers were calibrated and
priorly modified at the World Radiation Center
(WRC) in Davos, Switzerland, according to the
“Swiss modification“ (Philipona et al., 1995)
containing three dome thermistors at 45º instead
of just one dome thermistor, thus reducing the
instrumental error. Measurements were taken every
60 seconds (wind speed every 10 seconds) and half-
hourly averages were stored on a Campbell CR10X
datalogger. Four car batteries and a 55 W solar
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Measurement Instrument Instrument height Comment

Air temperature Vaisala HMP45D 1 and 2 m Ventilated
Air humidity Vaisala HMP45D 1 and 2 m Ventilated
Wind speed Aanderaa 2740S 1 and 2 m
Wind direction Young 2 m
Global radiation Kipp & Zonen CM 11 ca. 1.2-1.4 m Ventilated
Reflected shortwave radiation Kipp & Zonen CM 11 ca. 1.2-1.4 m Ventilated
Longwave incoming radiation Eppley Model PIR ca. 1.2-1.4 m Ventilated
Longwave outgoing radiation Eppley Model PIR ca. 1.2-1.4 m
Precipitation Tipping bucket ca. 1.2-1.5 m Unheated
Ablation Campbell SR50 ca. 1.0–1.2 m

Table 1. Instrumentation of the automatic weather station on Storglaciären, 1999.

panel supplied power for the station. The instru-
ments were mounted onto two separate masts to
avoid interference from other instruments. For
additional support against strong winds, three guy-
cables secured to stakes drilled into the ice were
added to the masts. Each mast consisted of a 4 cm
width aluminium profile drilled several meters into
the ice and a 1.5 to 2 m long outer sleeve (5 cm
width aluminium profile), which could easily be
moved vertically by adjusting screw-clamps. The
instruments were mounted on horizontal bars
fastened onto the outer sleeve. This construction
allowed easy height alterations of all instruments
of one mast simultaneously. For general mainten-
ance, including adjustments of instrument heights
to reposition sensors to the heights given in Table
1 and re-levelling the radiation instruments, the
weather station was visited at least twice a week
except for most of June, when the Tarfala Research
Station was closed.

A 1 ½ day data gap between 4 and 6 August
due to power failure was interpolated based on the
data collected at a less-equipped climate station
approximately 1 km west in the accumulation area.
As not available at this station, radiation data were
copied from days with similar weather conditions
close to the dates of the gap. Radiation data are
only available until September 2, when the mast
with the radiation instruments fell over in a severe
storm.

Results

The data are presented in Figure 2 and Table 2.
The prevailing wind direction was west, i.e. down-
glacier, due to the dominant free atmosphere west
wind direction and topographic channeling along

the west-east oriented glacier valley and also due
to katabatic flow, as the glacier flows to the west.
The maximum wind speed (10 sec means) during
the measurement period was 26.6 m s-1. A pronoun-
ced rise in air temperature was observed on the 9th

of June. From then onwards, a continuously melting
surface is indicated by an approximately constant
value for longwave outgoing radiation of 316
Wm-2. From the end of July to the end of August,
relatively cold air temperatures around the freezing

Data June July August 9 May-
2 Sep

T 4.5 4.7 2.3 2.7
RH 79.8 86.2 82.8 82.6
u 3.4 3.7 3.0 3.2
G 223 142 132 180
a 0.75 0.58 0.57 0.69
L↑ 293 313 291 290
L↓ 313 317 312 310
Net 35 55 36 35
P 567.0* 387.5 84.5 1135.7*

*includes a half-hourly value of 169.5 mm/
30min on June 14. Although a heavy rain
storm is indicated by surrounding precipita-
tion gauges this value is considered question-
able.

Table 2. Means of air temperature, T (°C) at 2 m,
relative humidity, RH (%), wind speed, u (m s

-1
) at 2

m, global radiation, G (Wm
-2
), albedo, a, longwave

incoming radiation, L↑  (Wm
-2
), longwave outgoing

radiation, L↓  (Wm
-2
), netradiation, Net (Wm

-2 
),

precipitation, P (mm) from Storglaciären during the
melt season 1999.
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Figure 2. Half-hourly data from the automatic weather station on Storglaciären, 8 May – 15 September, 1999.
Albedo data are daily means. Note: precipitation gauge was not heated and frequent snow falls occurred in July
and August.
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point were dominant and frequent snow falls are
indicated by a marked increase in albedo and main-
tained high albedo values throughout this period.
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Water content and temperature in the firn
of Storglaciären

Thomas Schneider

Department of Physical Geography, Stockholm University, SE-106 91 Stockholm, Sweden

Introduction

Water content and temperature in firn is an im-
portant parameter for calculating internal accumu-
lation of subpolar glaciers. There are two com-
ponents of internal accumulation: (1) water which
percolates into cold snow and firn and freezes im-
mediately and (2) water which is retained in pores
by capillary forces in the end of summer and freezes
during winter (Trabant and Mayo, 1985). This
investigation is focused on refreezing of capillary
water in the firn of Storglaciären. I will present
preliminary results from the field season 1999.

Methods

Firn core
In May 1999, a firn core was drilled at location 29
in the accumulation area of Storglaciären (Figure
1). A mechanical ice drill was used yielding a 21 m
long core with a diameter of 7.5 cm. The core was
weighed immediately after drilling with a digital
scale to determine density. Porosity and dry density
were calculated from wet density and water
content, according to Schneider (in press).

Irreducible water content
In the beginning of the winter, water input into the
firn layer ceases. All liquid water drains from the
firn layer except of the water retained in small pores
and veins by capillary and adhesive forces. Thus,
water content (water volume divided by total
volume) decreases until irreducible water content
is reached. Water content measured in the end of
the winter should therefore be close to irreducible
water content.

Water saturation (volume of water divided by
pore volume) and porosity (pore volume divided
by total volume) control most of the important
material properties of wet snow and firn, but
measuring these parameters is difficult (Colbeck,
1978). In this investigation, we used a dilution
method. An aqueous salt solution is diluted when
mixed with wet snow or firn. The change in
concentration is the base for the measurements. For
detailed description of the method, see Davis and
others (1985). To minimise melting of ice or freezing
of free water the analyses had to be carried out
immediately after drilling. Analyses were carried
out in a tent in which temperature was approxi-
mately 0° C.

Firn temperature
Firn temperature was measured continuously at lo-
cation 29 (Figure 1) at one-meter intervals. Thermo-
couples were connected to a Campbell Scientific
CR10 datalogger and temperature was recorded
every hour. In addition to the continuous
measurement, temperature was measured at several
locations 29, A, B and 28S3 (Figure 1) in the end
of the winter season to determine the depth of the
0°C-isotherm over a larger area. These measure-
ments will later be used to calibrate radar images
of the firn layer to obtain a map of the depth of the
0°C-isotherm.

Results and discussion

Density and stratification and porosity
Wet firn density decreased continuously from 700
kg m-3 at 10 m to 900 kg m-3 at ~16 m. At this

Abstract
A 21-m long firn core in the accumulation area of Storglaciären was analysed on stratification,
density and water content. Temperature was measured in boreholes and the 0°C-isotherme
was found at depths between 11 and 13 m below snow surface. Water content was found to
range between 0.02 and 0.04 with a mean value of 0.03. The mean thickness of the active
layer of internal accumulation due to refreezing of capillary water was 4.25 m. The volume
of refreezing water corresponded to 0.12 m water equivalent which is 5.5% of snow
accumulation at the same site.
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depth ice lenses became more frequent and a 20
cm thick ice lens bounded the upper part of the
firn layer. Firn density decreased abruptly below
this layer to 750 kg m-3 and started increasing again
down to the firn water table. Between the ice lens
at 16 m and the firn water table at 18.9 m, firn
structure was homogenous without any significant
layering or ice lenses. Dry density at the depth of
the firn-water table reaches values of 830 kg m-3.
At this density, pores are closed off and firn becomes
impermeable (Paterson, 1994). Even the location
of the firn-water table indicates at which depth firn
becomes impermeable. If the firn had been
permeable below the firn-water table, water would
have drained during winter. However, density
increased a bit more and became constant around
910 kg m-3 at 19.7 m.

As porosity is calculated from density and water
content, it follows the variations of these
parameters. Porosity was 0.3 at 10 m depth and
decreased to 0.1 just above the ice layer at 16m.
Below this depth it was 0.2 to a depth of 17 m and
decreased again to 0.1 at the firn-water table. Thus,
in the depth where a firn aquifer was formed during
summer (above the firn water table in May) mean
porosity was ~0.15, which agrees with several
investigations from other temperate glaciers (cf
Schneider, 1999; Schneider, in press).

Water content and water saturation
Volumetric water content was relatively constant
over the entire unsaturated part of the firn core
(0.02-0.04). In the saturated firn, water content
reached its maximum of 0.05 but decreased rapidly
with depth to 0.02. Water saturation was below
0.2 down to 17 m, instead of a zone of higher

saturation (0.5) just above the ice layer at 16 m. In
the upper part of the saturated firn, water satur-
ation was 0.6, a result similar to that of Fountain
(1989). This means, that in saturated firn only 60
% of the pore space is filled by water whereas 40
% are isolated air bubbles.

Firn temperature
Figure 2 shows temperature profiles at 29, A, B
and 28S3 in May 99.  The penetration depth of the
cold wave ranged between 11 and 13 m (Figure 3
and 4) and was not significantly dependent upon
snow depth (Figure 4).

Figure 1. Location map of the accumulation area of Storglaciären, May 1999.

Figure 2. Temperature profiles in boreholes in the
accumulation area of Storglaciären, May 1999.
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Refreezing of capillary water
The volume of refrozen capillary water that
contribute internally to the mass balance of the
glacier was calculated from the depth of the cold
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Figure 3. Density, porosity, water content in a firn core from location 29 (Figure 1) on Storglaciären, May 1999.

wave and the water content in the firn layer below
the annual snow layer of 1997/98 (see Schneider,
in press, for further discussion on internal accumu-
lation). Figure 4 shows that snow depth decreases
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from 29 to 28S3. As the depth of the cold wave
was not correlated to snow depth the active layer
of internal accumulation (“cold firn“ in Figure 4)
increases with decreasing snow depth. The active
layer had an average thickness of 4.25 m and with
a water content of 0.03 (Figure 2) the volume of
frozen capillary water was 0.13 m water equivalent
(w.eq.). In 1999 snow accumulation in the investi-
gation area was ~2.2 m w.eq. This implies that real
accumulation in the investigated area is underesti-
mated by ~5.5% if only snow accumulation is
considered.

Conclusion

The cold wave in winter penetrated into the firn
layer of Storglaciären down to a depth of between
11 and 13 m. This caused a freezing of capillary
water which usually is not taken into account when
measuring winter accumulation. Water content in
the temperate part of the firn layer was found to
vary around 0.03 and the active layer of internal
accumulation was in average 4.25 m. This implies
that 0.12 m w.eq. was internally accumulated
during the winter of 1998/99. This accounts for
5.5% of snow accumulation during the same
period.

Acknowledgements

Karin Grust and Sara Frödin and the staff at Tarfala
Research Station are gratefully acknowledged for
assisting in the field. The project was financially
supported by H. W:son Ahlman’s fund, the Göran
Gustafsson Foundation, Axel Hamberg’s fund and
C. Mannerfelt’s fund.

References

Colbeck, S.C. 1978: The difficulties of measuring the
water saturation and porosity of snow. J. Glaciol.,
20(82), 189-201.

Davis, R.E., J. Dozier, E.R. LaChappelle and R. Perla.
1985: Field and laboratory measurements of snow
liquid water by dilution. Wat. Resour. Res., 21(9),
1415-1420.

Fountain, A.G. 1989: The storage of water in, and
hydraulic characteristics of, the firn of South Cascade
Glacier, Washington State U.S.A. Ann. Glaciol., 13,
69-75.

Paterson, W.S.B. 1994: The physics of glaciers. Pergamon
Press, Oxford, 480 p.

Schneider, T. 1999: Water movement in the firn of
Storglaciären, Sweden. J. Glaciol., 45(150), 286-294.

Schneider, T. in press. Hydrological processes in the wet-
snow zone of glaciers - a review. . Zeitschrift für
Gletscherkunde und Glazialgeologie. 36(1). in press.

Trabant, D.C. and L.R. Mayo. 1985: Estimation and
effects of internal accumulation on five different
glaciers in Alaska. Ann. Glaciol., 6, 113-117.

0 100 200 300

Horizontal distance (m)

30

20

10

0
D

ep
th

(m
)

29

A
B

28S3

temperate firn

ice/saturated firn

cold firn

snow layer 1998/99

firn layer 97/98

snow surface

0°C - isotherme

water level



28

Tarfala Research Station Annual Report 1998–99

Chloroacetates and Trifluoroacetate in ice
from Storglaciären and Mårmaglaciären

Lena VON Sydow

Department of Water and Environmental Studies, Linköping University,
SE-581 83 Linköping, Sweden.

Introduction

Chloroacetates, i.e. mono-, di- and trichloroacetate
(MCA, DCA and TCA) as well as trifluoroacetate
(TFA) are among the most prevalent haloorganics
in precipitation (von Sydow et al., 1999; von Sydow
et al. 2000b). However, there is no consensus
regarding the sources of these compounds. It has
been suggested that atmospheric degradation of
chlorinated solvents and CFC replacements are
responsible for the presence of haloacetates in
precipitation in populous regions.  Detailed
examination of the possible pathways, however,
has indicated that this explanation is unlikely
(Franklin, 1994; Sidebottom and Franklin, 1996).
Evidence presented by some authors have suggested
that chloroacetates may occur naturally in
precipitation. Chloroacetates have been found in
100-year-old glacier ice collected in the Alps
(Haiber et al., 1996) and there are also indications
that chloroacetates are formed naturally in soil
(Hoekstra et al., 1995). A large study of haloace-
tates in snow, firn and glacier ice was undertaken
to determine how widespread such compounds are
in precipitation, and to elucidate the possible
involvement of anthropogenic and natural sources
(von Sydow et al., 1999; von Sydow et al. 2000a;
von Sydow et al., 2000b).  As part of this study,
chemical analysis of glacier ice was performed on
samples from two sub-polar glaciers in northern
Sweden, Storglaciären and Mårmaglaciären.

Methods

Glacier ice was sampled at both glaciers where
clearly visible annual growth layers enabled
identification of sections of ice that had been
formed at least 500 years ago (Holmlund, 1998).
After removing about 1.5 m of snow and 20 cm of

the ice that was closest to the surface of the glacier,
a chain saw was used to cut large blocks of solid
ice (5–27 L) out of the glacier. To minimise the risk
of in situ contamination through transport of
chloroacetates from recent precipitation to older
layers of ice, the samples of glacier ice were taken
from permanently frozen ice layers with well-
preserved primary structures and no visible
crevasses (Holmlund et al., 1996). All samples were
transported and stored frozen (-20°C) pending
analysis. In addition, the analysed sub-samples of
the inner parts of the glacier ice blocks were
obtained by using a handsaw to remove the outer
5 cm of ice. Chloroacetates and TFA in ice were
analysed according to the analytical procedures
described in von Sydow et al. (1999) and von
Sydow et al. (2000b).

Results and discussion

The samples of several-hundred-year-old glacier ice
from Storglaciären and Mårmaglaciären in
northern Sweden were found to contain all three
of the chloroacetates and TFA (see Table 1), and
the amounts detected were comparable to those
found in samples of fresh snow collected in remote
areas (von Sydow, 1999; von Sydow et al. 2000a;
von Sydow et al., 2000b).

Contamination is often a serious problem in the
analysis of trace organics, however, all possible
precautionary measures were taken and the study
produced convincing evidence that the analysed
samples were not contaminated in the laboratory.
Although the possibility of in-situ contamination
from percolating water cannot be completely ruled
out, more recent findings have confirmed that these
compounds are also present in samples of 200 year
old firn from the Antarctica where the temperature
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is too low to permit such transport (von Sydow et
al. 2000a; von Sydow et al., 2000b).  In conclusion,
the concentration of chloroacetates and TFA found
in glacier ice in northern Sweden provide support
to the growing body of evidence that unidentified
natural sources play a key role in the distribution
of these compounds in precipitation.
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Table 1. Observed concentrations in samples of old glacier ice from northern Sweden (von Sydow et al., 1999;
von Sydow et al. 2000b).

Sampling area Sampling period MCA (ng/L) DCA (ng/L) TCA (ng/L) TFA (ng/L)

Storglaciären Sept 1994 15 6 <5 -*
Mårmaglaciären Dec 1994 32 12 13 5

* not measured
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Geomorphological mapping in Tarfala,
Swedish Lapland, August 1999

Alexander Quirin

Department of Physical Geography, Justus Liebig University Giessen, 35390 Giessen,
Germany

Introduction

In August 1999, I was mapping the geomorpho-
logical features in the Tarfala area in order to
contribute with this data to the PACE-project
(Permafrost and Climate in Europe). The focus of
the project is naturally on permafrost related
features and processes. The area mapped is bigger
than the shown area in Figure 1 but the highest
diversity and clearness in geomorphology was
found in the vicinity of the Tarfala Research Station
and the eastern neighborhood, Tjeurolako.

Predominant features and processes

The predominant features are patterned ground and
stone-banked solifluktion. Patterned ground
features change from sorted polygons into sorted
circles (when less frequent) or into sorted stripes
(when inclination rises), some of them are relict.
They are widespread on gentle slopes as they occur
in Tjeurolako and at Kebnetjakkaplatan.

On steeper slopes these features change into
stone-banked solifluction (also called steps or stone-
banked terraces). They are still sorted and have a

Figure 1. Geomorphology in Tarfala
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lobate and downslope elongated shape with stone
accumulation at their front and sides. Unsorted
steps with more organic and other fine material
are called turf-banked solifluction and occur on
the west-faced slope of Tarfalavagge.

Since patterned ground and solifluction occurs
as well below the assumed altitude for permafrost
(King 1984) it is probable that the recent features
develop due to yearly frozen ground. Embleton &
King (1975) as well described that solifluction
doesn’t require permafrost conditions.

It is obvious that patterned ground and solifluc-
tion is well developed in places where water supply
is sufficient for example from snow patches. Jahn
(1991) mentioned that the moisture content is the
predominant factor for horizontal movement
besides inclination. These conditions occur on the
east-faced slope of Tjeurolako at about 1400 m
a.s.l.. Embleton & King (1975) think that moisture
is even more decisive than inclination.

Another remarkable geomorphological process
is debris flow esp. in Tarfalavagge. Very often the
trigger is an exceptionally high precipitation during
the snow-thawing period as it has been on July,
6th 1972 in Tarfalavagge (described by Rapp &
Strömquist, 1976).

According to abundant publications many
moraine ridges are ice-cored (Karlén, 1973;
Östrem, 1971, 1963, 1964; Ackert, 1984). There
is a great likelihood for a rock glacier which has its
origin in the southern lateral moraine of
Storglaciären. This moraine front is the only one
steeper than 19° and is according to King (1984)
not frozen to the ground.

Permafrost

According to King (1984) continous and discontin-
ous permafrost occurs in Tarfalavagge with con-
siderable thickness. The lower limit of permafrost
on northern slopes is at about 920 m a.s.l. (-2.4°C,
Mean Annual Air Temperature), on S-slopes at
1420 m a.s.l. (-5.0°C) and on ridges on valley
bottoms at 1120 m a.s.l. (-3.4°C).

Due to mean annual ground temperatures of –
4.0°C and lower at some sites the thickness of relic
permafrost can be interpreted to be more than
100m there.
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Measured and modelled melt and the sur-
face energy balance on Storglaciären

Jonathan L. Carrivick1 and Regine Hock2

1 Cranfield University at Silsoe, Bedfordshire, MK45 4DT, England
2 Department of Physical Geography, Stockholm University, SE-106 91 Stockholm, Sweden

Purpose

This study aims to analyse the relative contributions
of the various energy fluxes towards the total
energy available for melting, at a single point on
Storglaciären. The modelled melt energy will be
compared to that actually observed by an ablato-
graph located at the climate station and also from
measurements taken at local ablation stakes. The
main factors influencing the modelling accuracy
with respect to specific prevailing meteorological
conditions will be examined. Additionally, analyses
from results in an earlier study on Storglaciären
will provide a comparative and investigative
synthesis.

Methodology

Temperature index models or energy balance
models may be used to suggest the amount of melt
from a glacier in a given time. Temperature Index
models are based on an assumed relationship
between ablation and air temperature (usually
expressed as positive temperature sums). An energy
balance model however more properly examines
the complex processes concerning the energy fluxes
directed towards and away from a glacier surface.
The surface energy balance of a glacier indicates
the degree to which energy may become available
for ablation. In this study, energy balance modelling
is used to determine melting at a single fixed point,

using data obtained at half-hourly intervals from
a meteorological station in the upper ablation area
of Storglaciären (Hock et al, 2000).

The total energy available for melt (QM) is given
by the sum of the net radiation (QN), the sensible
heat flux (QH), the latent heat flux (QL), the heat
transfer into the ice (QG) and the heat supplied by
rain (QR):

QM = QN + QH + QL+ QG + QR

In this study the ice heat flux was not included.
Hock and Holmgren (1996) report an average
value of 3% for a 40-day period in 1994.

On Storglaciären the net radiation was obtained
from the direct measurements of the incoming (L↓)
and emitted long-wave radiation (L↑ ) and the in-
coming (S↓ ) and reflected short wave radiation
(S↑ ).

QN = (L↓  - L↑) + (S↓  - S↑ )

Also at the same climate station, air tempera-
ture, humidity and wind speed were measured di-
rectly and recorded as 30 minute means from one-
minute interval observations. These measurements
were taken to calculate the sensible and latent heat
fluxes, using the bulk aerodynamic method. Since
the surface of a melting snow or ice surface cannot
exceed 0oC, the air immediately above the surface

Abstract.
The surface energy balance at a point within the upper ablation area on Storglaciären is
calculated from half-hourly meteorological data collected on the glacier, for a 117-day period
from May 9 to September 2, 1999. On average, net radiation and turbulent heat fluxes make
a roughly equal contribution to the total melt energy. The total energy available for melt (-54
Wm-2) is less than half of that determined in a previous study on Storglaciären (-122 Wm-2).
The main source of this is the decreased net radiation received in 1999 (41 Wm-2 compared to
73 Wm-2 in 1994). There is a 2.17 m depth of ablation calculated by the model, although
only 1.64 m is actually measured in the ablatograph record. Part of this discrepancy is attributed
to inaccuracies within the ablatograph record, arising from the frequently changing surface
density, under snow-fall events.
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can become very stratified, thus suppressing tur-
bulence. Following Hock and Holmgren (1996)
stability corrections were not applied to these cal-
culations. A constant value of 2.7 mm was used as
the surface roughness length of wind and 0.009
mm for the roughness length of temperature and
vapour pressure. The energy available for melt was
converted to a melt water equivalent (dividing by
the latent heat of fusion constant) and daily mean
values were produced.

In order to gather ablation data, an ablatograph
was located at the same climate station (SR50 Sonic
Ranging Sensor, accurate to 1 cm with a resolu-
tion of 0.1 mm). The sensor transmits an ultra-
sonic pulse and records the echoes from the target
surface. A difference between successive values in-
dicates a motion of the surface. The measurements
are corrected for air temperature since the speed
of sound in air varies with temperature. The raw
data was stored as 30-minute means, taken from
measurements every sixty seconds. The ablatograph
raw data had a significant ‘noise’ component gen-
erally, especially under snowfall events (Figure 1).
The surface lowering (ablatograph) measurements
were converted to melt water equivalents, using
densities of 0.9 for ice, 0.41 for snow and 0.2 for
fresh snow.

Both the meteorological and ablatograph raw
data sets required extensive work to remove errors
and for correction. Mainly these were due to miss-
ing values or displacement of the data occurring
from power failures. However protocols of visits
to the station throughout the season were invalu-

able in identifying the problem areas. Unrealistic
values were removed from the ablatograph data
and interpolated manually, including much of the
´noise´ resulting from snow-fall events which re-
quired ´smoothing´.

Results

The daily averaged components of the energy bal-
ance are given in Figure 2. There is a negative
energy balance throughout most of May. The low
or even negative energy balances between the end
of July and the end of August reflect the rather
unusual weather conditions, characterised by
frequent snow-fall events and cold temperatures,

Figure 1. Ablatograph raw data. Arrows indicate an
artificial mast lowering.
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during this time. Over the entire study period in
1999 the total energy available for melt was -54
Wm-2 (Table 1). In a similar study on Storglaciären,
the total energy available for melt amounted to
-122 Wm-2 over a 40-day period, in 1994 (Hock
and Holmgren, 1996). During the same period of
time in 1999, the melt energy was less than half of
that from 1994 (-54 Wm-2 ). The main source of
this is the decreased net radiation (due to the

Figure 3. Half-hourly meteorological data and energy balance components for a 3-day period of low melt.

unusual weather conditions mentioned above)
received in 1999 (41 Wm-2 compared to 73 Wm-2

in 1994).
A high and a low energy 3-day period in July

1999 are compared to each other in Figures 3 and
4. The periods were selected not to include any
negative fluxes. The mean meteorological
conditions and energy balance components are
listed in Table 2, indicating higher temperatures

Figure 4. Half-hourly meteorological data and energy balance components for a 3-day period of high melt.
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and higher precipitation with lower wind speeds
in the “high energy“ period. During the high energy
period net radiation accounts for 75% of the total
energy available for melt, whilst in the low energy
period it is just 42% (Table 2). During the period
of high melt the turbulent heat fluxes are
significantly more important for total melt energy
than during the low energy period, when they can
account for up to three quarters of the total melt
energy in any one day. This indicates that high daily
melt rates are caused by a combination of both,
high net radiation and high turbulent energy fluxes.

Both high temporal resolution graphs (Figures 3
and 4) display a clear diurnal cycle within the
energy available for melt, with the maximum
occurring close to midday and the minimum soon
after midnight.

Calculated (energy balance model) and meas-
ured (ablatograph) melt values per day can be seen
in Figure 5. In general there is a good agreement
between calculated and measured melt. However
discrepancies occur later in the study period due
to snow-fall events. The energy available for melt
in total over the entire study period produced a

Table 2. Mean climate data and energy balance components from 3-day periods of high and low melt energy.
“( )” refer to % of a source / sink of energy.

117-day 3-day 3-day
entire study period high energy period low energy period

(9 May- 2 Sept.) (14–16 July) (2-4 July)

Climatic data
Air Temperature (oC) 2.86 10.6 5.1
Wind Speed (ms-1) 3.35 2.8 7.3
Humidity (%) 82.7 96.3 84.9
Total Precipitation (mm) 1143 79.6 36.5

Energy balance components
QN :Net radiation (Wm-2) 27 (56%) 75 (32%) 42 (58%)
QH :Sensible heat flux (Wm-2) 21 (35%) 64 (28%) 18 (25%)
QL :Latent heat flux (Wm-2) 4 (6%) 78 (34%) 9 (13%)
QG :Ice heat flux (Wm-2) - - -
QR :Heat supplied by rainfall (Wm-2) 2 (3%) 15 (7%) 3 (4%)

QM :Total energy available for melt (Wm-2) -54 (100%) -232 (100%) -70 (100%)

Total (WE) modelled melt (m) 1.64 0.33 0.034
Total (WE) measured melt (m) 2.17 0.28 0.002

Table 1. Energy balance components for 1999 and comparison to results from Hock and Holmgren (1996).
“( )” refer to % of a source / sink of energy.

Balance Component Symbol Mean Flux (Wm-2) Mean Flux (Wm-2) Mean Flux (Wm-2)
19/7-27/8 1994* 19/7-27/8 1999 9/5-2/9 1999

 (40 days) (40 days) (117 days)

Net radiation QN (source) 73 (66%) 41 (76%) 27 (56%)
Sensible heat flux QH (source) 33 (30%) 16 (30%) 21 (35%)
Latent heat flux QL (source/sink) 5 (5%) -4 (-4%) 4 (6%)
Ice heat transfer QG (sink) -3 (-3%) - -
Heat supplied by rainfall QR (source) - 1 (2%) 2 (3%)

Total energy available QM (sink) -122 (-97%) -54 (-93%) -54 (-100%)
for melt
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total of 2.17 m melt, compared to 1.64 m obtained
from the SR50 ablatograph (Figure 6).

Discussion

The complete composite energy balance (Figure 2)
shows the effect that the snowfall events in July
and August have in reducing the energy available
for melt. On average there is a roughly equal con-
tribution to the ‘energy available for melt’ by net
radiation and the turbulent heat fluxes. The latent
heat flux is mainly directed towards the surface
providing energy for melt from condensation. Oc-

casionally, in periods when it is directed away from
the surface, energy is consumed for evaporation.

A generally close agreement with calculated and
measured melt in the early part of the study period
indicates that the energy balance model is reliable
under the typically cold and wet summer condi-
tions encountered on Storglaciären. However late
in the season there is an increasing discrepancy
between the calculated and measured cumulative
melt. There is a general over-estimation of melt by
the energy balance model, when compared to the
melt derived from the SR50 ablatograph (Figure
6). This is partly attributed to the fact that during
July and August the ablatograph record became
less representative of true melt. These periods
coincide with frequent snow-fall events that cause
two major problems. Firstly, energy is required to
melt the new snow before the original surface can
lower, which is not accounted for in the ablatograph
curve (Figure 6). Secondly, inaccuracies arise as to
the conversion of the ablatograph record to a wa-
ter equivalent, as it is not always clear which den-
sity (snow or ice) should be applied at which time
for the calculations. This is significant due to the
large difference in density between ice and new
snow. The actual density of the new snow is also
unknown. An empirical density formula for the
compaction of snow by gravity until the next snow-
fall event needs to be developed and employed.
Additionally snow can be wind-blown to and from
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Figure 6. Measured and calculated cumulative melt.
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an ice surface creating additional problems. Thus
the measured ‘surface lowering’ does not accurately
represent the water volume equivalent of melt. On
a short-term (daily) time scale uncertainties also
arise due to changes in ice density of the upper
‘weathering crust’, but over a period of time these
errors will cancel out.

The over-estimation of melt by the energy
balance calculations, may also be due to an over-
estimation of the turbulent fluxes. This arises from
the inability to accurately apply roughness lengths
and stability functions that constantly change
(depending on the duration of melt and ambient
air conditions respectively) throughout the study
period. Generally, it is clear that the assumptions
of a homogenous, infinite and flat terrain and of a
constant flux with height, do not hold on a glacier
surface.

Generally there is a good correlation of 0.76
between calculated and measured melt (Figure 7)
although the scatter is significant. Nevertheless, Fig.
8 clearly indicates the degree to which the model
performs badly under precipitation. Up until mid-
July the errors tend to cancel out over a period of a
week or so, but once snow fall events interfere,
there appears to be either a general over-estima-
tion of melt by the energy balance model, or an
under-measurement by the ablatograph. The errors
between measured and calculated melt can be as
great as +29% and –40%. In general there are
clearly both systematic and random errors acting
in both the energy balance calculations and the
ablatograph measurements.

Conclusions

The glacier-atmosphere interactions are complex.
The atmosphere acts upon the glacier surface sup-
plying energy for melt, whilst the atmospheric con-
ditions are modified by the presence of snow and
ice, due to the specific properties of snow and ice
and their high temporal variability.

Concerning the various component heat fluxes,
over the entire 1999 study period, there is a roughly
equal contribution to ‘energy available for melt’
by net radiation and the turbulent heat fluxes. On
average, the latent heat flux is mainly directed to-
wards the surface providing energy for melt from
condensation. With a comparison to the 1994 study
(over the same period) it is notable that the latent
heat flux component is very similar in 1994 (5%)
and 1999 (6%). On the other hand, the sensible
heat flux is more important in 1999 (35%) than in
1994 (30%) due to the generally more cloudy and
rainy conditions experienced in 1999.
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Figure 7. Calculated versus measured daily melt.
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The energy available for melt compared to
measured melt shows generally good agreement
early in the study period. Later the discrepancy can
be accounted for by unusual new snow events in
July and August that ‘consume’ melt energy. This
is not accounted for in the ‘ablatograph’ record
and thus leads to an over-estimation of calculated
melt compared to measured melt.
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Introduction

The Tarfala valley has been a center for glacio-
logical research for many years thus a digital
elevation model (DEM) for the area has now been
developed to facilitate future studies in the area.
The DEM has been derived from three different
parts. Two types of data have been used as input
when deriving the DEM; a map and IR-aerial
photos (Table 1).

The western part of the digital elevation model
is based on the map; “Högfjällskartan Kebnekaise“
(1:20 000), which covers the Tarfala valley, the
Kebnekaise massif, Kuopervagge and parts of
Ladtjovagge. The eastern part of the DEM is
composed out of two DEM’s both based on IR-
aerial photos (1:60 000), taken on the 29th of July
in 1980, covering the Tjeuralako plateau. The
whole DEM is available in the Swedish National
reference system RT 90 2.5gon V with a resolution

Digital elevation model covering the
Tarfala valley and its surroundings

Margareta Johansson1, Johan Ekroth2 and Maria Johansson2

1Department of Physical Geography, Lund University, SE-22362 Lund, Sweden
2Department of Physical Geography, Stockholm University, SE-106 91 Stockholm, Sweden

of 15 m. The western part of the DEM, the part
derived from the map is also available in the
Swedish National reference system RT 90 0gon
since most of the GPS-measurements of the glaciers
in the Tarfala valley are made using this reference
system.

Generating a DEM from aerial photos

The aerial photos were scanned using an AGFA
Scanner “Horizon Plus“ at 800 dots per inch (dpi).
Erdas Imagine, Orthomax 8.3 was used to derive
the DEM from the scanned aerial photographs. In
Orthomax the photographic details are used to
construct the DEM and since orthophotos are the
basis the geometric errors like relief displacement
are avoided. The interior orientation of the images
was calculated on the basis of the minutes of the
camera. The fiducial marks in the four corners in
both of the scanned photos were used to determine

Table 1. Specification of the input data of the constituting part of the derived DEM

Western part North Eastern part South Eastern part

Input data Map högfjällskartan, IR-aerial photos IR-aerial photos
Kebnekaise 296678: 15 and 16 296678: 15 and 16

Scale 1:20000 1:60000 1:60000

Coverage*
ULC 1608000/ 1618268/ 1619250/

7542000 7542098 7542098
LRC 1619000/ 1626668/ 1626150/

7532000 7537436 7530203

Resolution 15 m 15 m 7.5 m

*RT90, 2.5 gon V.
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the interior orientation of the images. In the north-
eastern part the RMS- error for the right image
was 0.1 pixels (19 cm) and for the adjacent, left
image the RMS-error was 0.4 pixels (76 cm). For
the right image in the southeastern part the RMS-
error was 0.1 pixels (19 cm) and for the left it was
0.7 pixels (133 cm).

The external orientation was determined from
known points, i.e. six Ground Control Points
(GCP’s), three in each of the two images. The RMS-
error that was introduced by identifying the counter
point of the GCP’s is estimated to 0.5 m.

The digital elevation model was generated using
band 2, corresponding to the red wavelength in
the IR-aerial photographs. Only 31% of the
generated elevation data was interpolated, which
is a good result since the calculations of the DEM
was made over an area exceeding the area with
stereo coverage. In some of the interpolated regions
the interpolated z-values, did not correspond to the
values in the map, due to low contrast in the aerial
photos. The software cannot calculate the height
parallax under these circumstances and thus it has
to interpolate the elevation values. Areas in shadow
usually suffer from this. In these areas the
interpolated elevation data was edited manually
according to the map. The RMS-error in z-axis was
approximately 4.5 meter for both part derived from
the IR-aerial photos.

The southern part of the DEM (Table 1) had
an original resolution of 7.5 m thus it had to be
generalized to a resolution of 15 m to be compatible
with the northern part of the DEM. This generali-
zation was made in IDRISI by reducing the number
of rows and columns while simultaneously
decreasing the pixel resolution. In this case four
pixels constitute one new pixel and the average z-
value of the four pixels constituted the new z-value,
with a pixel resolution of 15 m.

Generating a DEM from a paper map

The map used was “Högfjällskartan, Kebnekaise“,
1:20 000. Every tenth and, on the glaciers every
fifth m contour line is represented in the map. Every
20 m contour line was digitized using ARCINFO,
PCARC 3.5.1. ArcShellW. The RMS-error, which
describe the accuracy of the tic registration, in x
and y-direction was ranging from 0.006-0.008. The
reference system used when digitizing was RT 90
0gon (Jansson and Pettersson, 1997). Since the two
parts of the DEM derived from the aerial photos
were calculated in RT 90 2.5gon V and the western
part, derived from the map was calculated in RT

90 0gon a transformation of the digitized vector
file was needed. This was done using the software
SWETRANS, since this program could support
ArcInfo format.

In order to generate a DEM out of the contour
lines the area in between the lines needed to be
interpolated. There are many problems connected
with interpolation of digitized contour lines when
converting the vector data into raster format. When
estimating an unknown z-value for a location in a
grid it involves finding a certain number of data
points within a given search radius and then
computing a weighted average. If all data points
have the same z-value, this will generate narrow
zones bordering each contour line and result in
terraces in the output DEM (Burrough and
McDonnell 1998). The terrace formation is a
consequence of the unevenly distributed point data;
many points along the line and few in between
(Eklundh 2000). The errors become larger in areas
with low relief, since the contour lines are further
apart and there is a risk that the search algorithm
only catches data from one contour line (Burrough
and McDonnell, 1998). The error can be dimini-
shed by reducing the amount of data points along
the contours, using for example Douglas-Peucker
algorithm (Eklundh 2000). The classical Douglas-
Peucker simplification algorithm selects a subset
of polyline vertices and, from this subset of vertices
it builds a new simplified polyline, which lies within
a predefined distance of the original polyline (Figure
1) (Douglas and Peucker 1973). However by re-
ducing the points, valuable information concerning
the terrain might be lost (Eklundh, 2000).

Since the area of interest has high relief a large
amount of important information would be lost if
a simplification algorithm according to above was
applied. A more accurate solution is therefore to
use an interpolation method that is designed to deal
with the kind of data yielded when digitizing
contours (Burrough and McDonnell, 1998). Such
an interpolation method suitable for contour line

Figure 1. The simplification algorithm may locate a point
on the wrong side of the contour line. (modified from
Douglas and Peucker 1973)
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data is GRDINT in PCI, which is used here. This
algorithm interpolates the unknown values between
the encoded contour lines and, calculates the grey-
level value for each unknown pixel, based on the
known vector data (Carrara, 1988). The input
vector data used are the contour lines and the
mountain peaks. The interpolation method used
has three optional search algorithms:

* Diagonal search, produces many artifacts
* Smoothed diagonal search, fewer artifacts
* Conic search, fewest artifacts.

When rasterizing the contour lines and the
mountain peaks we used the conic search that
searches along 22.5 degrees cones and the MDIP
(Morphology Dependent Interpolation Procedure)
since this search algorithm produced the best result
(Carrara, 1988). Along the edges in the DEM
derived from the map there are missing values due
to a lack of input data in this regions.

Finalizing the DEM by putting all the consti-
tuting parts together

Finally all three digital elevation models were
pasted together starting with the two parts derived
from the aerial photos (Figure 2, Table 2 and 3).
However when these two terrain models were
derived they did not cover the exact same area along
the x–axis and thus the x co-ordinates for the
columns in one image did not match the x co-
ordinates for the columns in the other image. Since
the difference in x co-ordinates between the
columns in the two DEM’s was small the x-axis in
the northeastern DEM was shifted two meters in
the eastern direction. Since the resolution of the
DEM is 15 m this has only minor effects on the
elevation model. When the two elevation models
had the same x-co-ordinates they were pasted
together in a new raster-file. The same procedure
was repeated when the third part, derived from
the map was pasted together with the two parts
derived from the aerial photos.

Figure 2. The central part of the digital elevation model

N
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DEM RT 90 2.5 gon V

No. of columns 1206
No. of rows 748
Ref. system Plane
Ref. unit Meter
Min x-value 1608105
Max x-value 1626180
Min y-value 7530870
Max y-value 7542105
Min z-value 493 m
Max z-value 2114 m
Resolution 15 m
Missing value -9999

Table 2. Documentation of the DEM in
RT 90 2.5 gon V.

DEM RT 90 0 gon

No. of columns 841
No. of rows 724
Ref. system Plane
Ref. unit Meter
Min x-value 13785
Max x-value 26400
Min y-value 7528550
Max y-value 7539410
Min z-value 578m
Max z-value 2114 m
Resolution 15 m
Missing value -9999

Table 3. Documentation of the DEM in
RT 90 0 gon.
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Introduction

Albedo is a key parameter controlling melt on
glaciers and is a crucial factor to consider in studies
on climate response. Small-scale studies on well-
instrumented sites can help to understand the
underlying mechanisms, which can be applied in
large-scale modelling. Thus, a detailed knowledge
of the factors controlling spatial and temporal
distribution of albedo is essential.

This study assesses the variations of albedo on
Storglaciären with data from the ablation season
1999, with the prior aim to act as a basis for im-
proving albedo parameterisations in distributed
glacier melt. In most models ice albedo has, because
of its complexity been treated as a fixed value both
spatial and temporal. Snow albedo has often been
treated more in detail. This study is a multi-factor
analysis of controls to albedo variations. Special
attention is given to diurnal and even more short-
term temporal variations, to assess albedo
variations not related to the changes in surface
properties.

Methods

During the melt season 1999 extensive fieldwork
was conducted on Storglaciären in order to collect
albedo data from the glacier. These were collected
in three different ways (Figure 1): (1) At 17 selected
sites, with different surface characteristics, spread
over the ablation area several times during the
season (18 July - 2 September). (2) Along a longi-

tudinal profile conducted on two different days.
 (3) At an automatic weather station (AWS), placed
near the equilibrium line, recording data on air
temperature, wind speed, precipitation, long and
short wave radiation. Half-hourly averages were
stored from readings every minute from 7 May to
2 September.

The purpose of the stake measurements was to
show the spatial distribution of albedo at a certain
time, and the temporal change between successive
measurements. The AWS record shows temporal
albedo changes for the specific site with high
temporal resolution.

Results and conclusions

Albedo in the data sets varied considerably, from
0.06 to 0.95 (Figure 2). Snowfall contributed to
the most pronounced changes. Sediment rich ice
showed a long term decreasing trend over the
season, which was not found on clean ice. Albedo
for clean ice was significantly higher (0.40-0.60)
then reported in other studies (see Cutler and
Munro, 1996; Paterson, 1994). In general, the
longitudinal albedo profiles showed an increase in
albedo with altitude, with rather similar gradients.
This holds, even tough they were conducted at
different surface conditions, one with a fresh snow
cover and the other with melting ice in the ablation
area. However, certain areas clearly deviated from
the general trend. This was due to an area with
superimposed ice close to the equilibrium line

Abstract
Albedo is a key parameter controlling melt rates on glaciers. During the melt season 1999
extensive albedo measurements were carried out on Storglaciären to investigate both the
temporal and the spatial distribution in albedo. Albedo varied from 0.06-0.95.   A pronounced
diurnal variation was found to be due to horizontal mounting of the albedometer. Considerable
variations in albedo on even shorter temporal scale were due to changes in the diffuse variation
of global radiation. Albedo altered as much as up to 19% due to these two factors, which
stresses the importance to consider these effects when using albedo data in various models.
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lowering albedo considerably as well as an area
with very white clean ice in the middle of the
ablation area, increasing albedo.

Albedo varied significantly on short time scales.
A pronounced diurnal variation in albedo  (up to
0.2) was partly due to the presence of melt water,
but could mainly be explained as a pseudo-
variation caused by the horizontal mounting of the
pyrano-meters, although the surface underneath
sloped roughly only 3°. The continuously
decreasing albedo trend on clear-sky days
disappeared after correcting the measurements for
effects of slope (Figure 3). The correction method
is presented in Jonsell, 2000. These large variations
of albedo, not due to changes in the glacier surface,
show that the slope factor is important even on
gentle slopes and that albedo measurements must
be conducted either with the instrument mounted
parallel to the surface or horizontal required that
the data will be corrected.

Because of shifts between clear and overcast sky,
albedo changed up to 0.12 within one hour due to

variations in the diffuse proportion of global
radiation. Surfaces with similar may deviate more
than 15 % due to this factor making models based
on data not considering this effect unreliable.
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Figure 2. Daily mean albedo from the AWS record.
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Figure 3. Measured and corrected albedo on  15 May at
the AWS site.
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Introduction

Since the mid 1970s the general retreating trend
for glaciers in Scandinavia has ceased and some
glaciers have even started to advance. This is due
to a more maritime influence on the climate, in
particular an increase in winter precipitation and
lower summer temperaturs. A more maritime
climate can be said to be favourable for glacier
growth. Under such climate conditions, is it possible
that new glaciers are forming?

This project is a continuation of a project that
started in 1992 by Jonsson and Jansson (1993). The
aim was to study the local climate in empty cirques
to contribute to an understanding of their origin.
This study aims to assess the climate conditions
that are needed to initiate glaciers in empty cirques
in the Rassepautasjtjåkka massif, northern Sweden,
using a modelling approach. The study area is of

interest since the cirques are assumed to be located
just below the glaciation limit. Since there are no
moraines or other signs of glaciation in the area it
is still uncertain when the cirques were formed.

Site description

Rassepautasjtjåkka (68°05´ N, 18°50´ E) is a small
mountain massif located in the northern-most part
of Sweden, approximately 25 km NE of the
Kebnekaise massif and the Tarfala research station
(Figure 1). The area covers roughly 40 km2 and
the elevation in the area ranges from 1080 to 1728
m a.s.l. The glaciation limit in the area is inferred
to be at 1820 m a. s. l. (Østrem, 1964). In this area
there are four well-developed cirques and some less
developed ones. The distinct cirques are
approximately 1 km wide. Two cirques are facing
towards the southeast and one towards the northeast
and the fourth is facing towards the southwest.

Figure 1. The location of the Rassepautasjtjåkka (RPT), Tarfala Research Station (TRS), the Mårmaglaciären (M),
and Abisko (Ab) (Jansson et al., 1999).

Climate conditions required for re-
glaciation of cirques in Rassepautasjtjåkka

massif, northern Sweden

margareta Johansson1 and regine Hock2

1Department of Physical Geography, Lund University, SE-223 62 Lund, Sweden
2Department of Physical Geography, Stockholm University, SE-106 91 Stockholm, Sweden
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Model description

Progressive melt and the recession of the snow line
during three melt seasons (1993, 1995 and 1999)
were computed using a grid-based temperature
index model (Hock, 1999). The calculations were
done with a three-hourly time resolution and based
on a 50 m resolution grid. Unlike ordinary degree-
day models the model used in this study takes into
account the topographic effects on melt by including
potential direct solar radiation at the surface.

The model was initialised with maps of snow
water equivalent derived from snow cover
measurements in spring. The modelling procedure
involved two steps: (1) Calibration of the model to
current climate conditions (2) Variation of the winter
precipitation, the measured air temperature record
or both to quantitatively assess the conditions
required for winter snow to survive the summer
and thus to initiate a glacier.

The equation used to calculate the potential
clear-sky direct solar radiation (I) is expressed as:

where I
0
 is the solar constant (1368 W/m2) and

(R
m
/R)2 is the eccentricity correction factor of the

Earth orbit for the time considered with R the
immediate and R

m
 the mean distance between the

sun and Earth. ψ
a
 is the mean atmospheric clear-

sky transmissivity, ? the atmospheric pressure and
P

0
  the mean atmospheric pressure at sea level. Z is

the local zenith angle (the angle between the solar
beams and the normal) and cosΦ is the angle of
incidence based on the slope angle, zenith angle,
solar azimuth and slope azimuth angle.

The calculated potential solar radiation is
incorporated into the temperature index model that
calculates the ablation (M):

where MF is the melt factor (mm h-1 °C-1), a
snow/ice

 is
the radiation coefficient different for snow and ice
and I is the potential direct solar radiation at the
ice or snow surface (Wm-2), T is the air temperature
(°C) and n is the time steps in hours (here 3). The
melt factor and the radiation factors for snow and
ice are empirical coefficients. The radiation
coefficient for ice exceeds the one for snow due to
lower ice albedo. The melt during the summer was
calculated and the snow that remained at the end
of the melt season was what could constitute the
ground to a new glacier.

Input data and calibration
The model requires air temperature, a digital
elevation model (DEM) and derived digital terrain
information as input data. Air temperature was
taken from an automatic weather station located
in one of the cirques recording three hourly values.
The temperature index model needs to be calibrated
for every new area in which it is applied since the
factors that influence the melt may vary from one
site to another. The parameters to be optimised are
the melt factor MF, the radiation factor for snow
a

snow
 and for ice  a

ice
. Only the two first parameters

are of relevance in this study, as there are no glaciers
in the area.

The model has been tested and calibrated on
Storglaciären by Hock (1999). In that case the
modelled ablation was compared to the measured
ablation derived from ablation stakes and simulated
glacial runoff compared to measured runoff. In the
Rassepautasjtjåkka massif there are no observation
or measurements of snow cover depletion. This is
a disadvantage when calibrating the model, as there
are no independent validation data available.
Therefore, the model was calibrated by making
certain assumptions based on comparisons between
the snow line retreat in the Tarfala valley and
Rassepautasjtjåkka and also between the mass
balance record of Mårmaglaciären and
Rassepautasjtjåkka.

Result and discussion

Under present climate conditions all winter snow
melts away by the end of the melt season. Some
snow remains in the cirques only in certain years
of high winter accumulation. In the model two
climate variables can be changed to determine the
climate conditions required to re-glaciate the
cirques in the Rassepautasjtjåkka massif. These are
winter precipitation (changing the amount of snow
at the beginning of the melt season) and air
temperature.

The summer mean temperature needs to be
lowered between -2 °C and -3 °C from the current
climate before snow will remain after a melt season.
An increase in the initial snow cover of today by
100-150% (under otherwise equal conditions) will
have the same effect. When increasing the initial
snow cover with 50% and lower the summer mean
temperature by 2 °C and also when increasing the
initial snow cover by 100% and lowering the
temperature by 1 °C, snow will be left in all four
cirques after a melt season  (Figure 2).

The climate conditions that are required for
glaciation have not been met during the Holocene,
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Figure 2. Remaining snow after a melt season in the four cirques: when decreasing the temperature by 1°C and
increasing initial snow cover 50% (a), decreased temperature by 1 °C and increased snow cover by 100% (b),
decreased temperature by 2°C and increased snow cover by 50% (c).

as evaluated from proxy-data derived from glacier
advances, macrofossil and pollen analyses in
northern Sweden. Since the optimal climate
conditions for glaciation are not likely to have
occurred during Holocene, the origin of the cirques
in the Rassepautasjtjåkka massif can be concluded
to extend further back in time than the Holocene.
Even though the climate in Scandinavia can be said
to have been favourable for glacier growth since
the end of the 1980s, the climate scenarios that are
predicted in the future by regional climate models
make the likelihood of initiating a glacier in the
near future unrealistic.
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Abstracts from the Tarfala student course
papers 1999

Abstracts compiled and edited by Jens-Ove Näslund

Department of Physical Geography, Stockholm University, SE-106 91 Stockholm, Sweden

Field courses in glaciology has been given at Tarfala research station since the late 1950’s.
Today about 10-15 undergraduate students are educated in glaciology and related subjects
such as glacial geology, hydrology, periglacial morphology, and ice sheet modelling. The
course is divided into a field period and a period for reading and writing. The field period
includes lectures, excursions and a field project. Each year the individual reports of the vari-
ous field projects are compiled in a final report. In 1999 there were 11 students participating
in the course, which was lead by Per Holmlund, Jens-Ove Näslund, and Richard Pettersson.
The abstracts of the 1999 field projects are found below.

Dye trace experiments for stydies of the
development of the subglacial drainage, Stor-
glaciären, Sweden

Tomas Ahlberg

The subglacial drainage system below the ablation
area of Storglaciären, northern Sweden, is assumed
to change its geometry and capacity during the
ablation season. Former studies inferred that the
system changes from a braided system with many
small channels to a system with a few larger more
or less straight channels. This report aims at
determining the extent of this development between
august 1 and august 3 1999. Tracers were injected
into moulins in the lower ablation area. Measure-
ments of the response after the en- and subglacial
transport of the tracer were undertaken in the two
proglacial streams of Sydjåkk and Nordjåkk.
However, the results of the tracer experiments are
difficult to interpret, but is seems probable that
the drainage system consists of a braided channel
system with large sediment contact areas.

Ice velocity measurements on Storglaciären

Jonas Andersson & Annika Lundmark

The ice velocity in the ablation area of Storglaciären
has increased since the mid 1980’s. The increase is
due to an increase in accumulation during the last
decade, which has lead to a thickening of the glacier.

Detailed measurements of ice velocity were made
over the entire glacier. The results showed that both
the horizontal velocity and the emergence velocity
were highest in an area close to the bedrock riegel.
The ice movement was greater from the northern
accumulation area than from the southern one,
showing that the main ice flow comes from the
northern cirque. Another important result of the
study are improved co-ordinates for the fixed point
A-96 (Norra morän). The new RT90 (0 gon) co-
ordinates for A-96 are: 22586.906 E, 7534863.627
N, and the altitude is 1326.016 m a.s.l.

Comparison of measured ablation and energy
balance calculations on Storglaciären, north-
ern Sweden

Alexandra Björk & Jodi Di Mena

Measurements of glacier ablation are of interest
for research on mass balance and global climate
change. The melt-off from glaciers is also important
for practical reasons such as hydroelectricity and
water supplies. This report attempts to test the
reliability of energy balance calculations based on
climate data versus ablation measurements made
on a stake network on Storglaciären, northern
Sweden. An analysis of the spatial variations of
ablation over the glacier surface is also made. The
comparison between measured and calculated
ablation was difficult due to short an irregular
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measuring periods. It is shown that the spatial melt
pattern can be determined only over an extended
measuring period. Observed variations in melting
from one stake to the adjacent stake illustrate that
measurements of ablation at a single point provides
inaccurate estimates of the ablation for larger
regions of the glacier surface.

Radio-echo sounding of Norra Kaskasapakte-
glaciären

Elisabeth Däcker & Rickard Exner

A series of radio-echo sounding profiles were
obtained over Norra Kaskasapakteglaciären,
Kebnekaise, northern Sweden. The purpose of the
study was to map the bed topography of the glacier
and correlate the results to the geology of the
massif. The results show that the glacier is a valley
glacier with a glacially eroded bed. No over-
deepenings were found in the bed topography. The
bedrock is eroded to a smooth valley with nearly
vertical cirque walls. The bedrock in the areas was
identified as amphibolite and dolerite, which can
be assigned to the Kebne dyke complex.

Energy balance and meteorological parameters
from a climate station on Storglaciären,
Kebnekaise

Anna Grönlund

A study of the energy balance of Storglaciären and
the variations of different meteorological
parameters from a climate station was made during
June-August 1999. Calculations of the melt-off
from Storglaciären could be correlated with
meteorological factors such as global radiation,
reflected short wave radiation and air temperature
above the glacier surface. The net radiation and
the sensible heat flux had the greatest impact on
the melting, contributing with c. 80% of the energy
available for melt. A better knowledge on this
matter would be of great importance for other
climate studies. On a local scale water power plants

could use the information to better control the
water level in dams by better knowing the expected
amount of glacier melt-off.

The longitudinal profile of Storglaciären -
present mass distribution and trend

Kristoffer Gunnarts & Sofia Åberg

As result of a temporal increase in precipitation an
extensive mass surplus was registered at Stor-
glaciären between 1989-1995. The mass increase
has not yet lead to an advancement of the front,
which has been the case for several smaller glaciers
in the region. By measuring the ice surface elevation
along three profiles at Storglaciären and comparing
the results with previous profiles the present study
aims at: 1) describe the present mass distribution
of the 1989-1995 mass surplus, and 2) estimating
the possibility for the mass surplus to cause a front
advancement. Available profile data since 1996
seem to suggest that an advancement of the front
now is unlikely to happen as a result of the 1989-
1995 mass surplus.

Polygons and Rayleigh convection-movements
within a tundra polygon in Tarfala valley,
Kebnekaise

Lisa Öberg

The main issue for this geomorphological survey,
which was initiated in 1984 and continued in 1993,
was to study the movements within a polygon
located in an area with discontinuous permafrost,
and relate the results to a suggested genetic
convection model. The Rayleigh convection model
for patterned ground regularity was proved to be
adequate for a specific polygon in the periglacial
area of the Tarfala valley, Kebnekaise, Sweden. The
convection model, with several convection cells,
results in an uneven melting of the underlying ice
front during thaw, with regularly spaced surface
heights and troughs as result.
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Uppsala,. 158–171.

—1973. Glaciologiska metoder i klimatforskningens
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—1981. Det föränderliga klimatet. Här är vi hemma.
Rolf Edberg (ed.) Bra Böcker, 1982,
90–105.
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Boende på Tarfala forskningsstation
under 1999

Stationspersonal

Holmlund, Per Professor, stationsföreståndare 43
Jansson, Peter Docent, forskarassistent 35
Nyman, Mart Amanuens 108
Nilsson, Mats Tekniker 58
Jonsson, Krister Tekniker 34
Lidström, Lars Tekniker 39

Extrapersonal

Frödin, Sara Hantlangare 21
Nässen, Jonas Hantlangare 45
Ruth, Eleonor Hantlangare 30
Ekman, Per Hantlangare 32
Malmkvist, Erik Hantlangare 34
Dellenbach, Andrea Hantlangare 41
Huss, Erik Amanuens 15
Norin, Johan Kock 52
Lindberg, Anette Kock 34
Larocque, Isabelle Kock 23

Projektansvariga och gästforskare

Blomkvist, Sven 17
Institutionen för systemekologi, Stockholms universitet

Brown, Ian 1
Climate Impact Research Centre, Kiruna
Naturgeografiska institutionen, Stockholms universitet

Foyer, Märta 4
Naturgeografiska institutionen, Stockholms universitet

Grudd, Håkan 4
Climate Impact Research Centre, Kiruna
Naturgeografiska institutionen, Stockholms universitet

Grust, Karin 15
Department of Geography and Topographic Science,
University of Glasgow, England

Hock, Regine 60
Climate Impact Research Centre, Kiruna
Naturgeografiska institutionen, Stockholms universitet

Isaksen, Ketil 5
Geografiska institutionen, Oslo universitet, Norge

Johansson, Margareta 21
Naturgeografiska institutionen, Lunds universitet

Johansson, Maria 9
Climate Impact Research Centre, Kiruna
Naturgeografiska institutionen, Stockholms universitet

Jonsell, Ulf 57
Naturgeografiska institutionen, Uppsala universitet
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Klingbjer, Per 7
Naturgeografiska institutionen, Stockholms universitet

Jan Lundkvist 3
Kvärtärgeologiska institutionen, Stockholms universitet

Pettersson, Rickard 55
Naturgeografiska institutionen, Stockholms universitet

Schneider, Thomas 16
Naturgeografiska institutionen, Stockholms universitet

Näslund, Jens-Ove 20
Naturgeografiska institutionen, Stockholms universitet

Näslund-Rickardsson, Cecilia 14
Naturgeografiska institutionen, Stockholms universitet

Karlén, Wibjörn 3
Naturgeografiska institutionen, Stockholms universitet

Quirin, Alexander 26
Institut für Geographie, Justus-Liebig Universität, Giessen, Tyskland

Kurser och grupper

Akademiska hus, Luleå 10
Fältkurs, Arctic Centre, Rovaniemi, Finland 115
Anders Bergwall, guideverksamhet 9
BRW, Wigerbäcks bergentreprenad, Kiruna 4
Doktorandkurs, norrbottensexkursionen 15
Stockholms Universitets Forskarskola 12
Hj.Lundbomsskolan, Kiruna, praktikfallsarbetare 15
Konsthögskolan, Umeå 32
Lapplands jägarregemente, I22, Kiruna 100
Markstridsskolan 5
Personalbyrån,SU 14
Peter Mågård, guideverksamhet 7
Polarforskningsseretatiatet, Logistik 4
Skandinature films 11
Statens Fastighetsverk, Uppsala 1
Studio Ljusspel 4
Svenska Turistföreningen STF AB, Kebnekaise fjällstation 321
Tarfalakursen, Naturgeografiska institutionen, Stockholms universitet 214
Tärendö centralskola 39
Universitetsstyrelsen 17
Vattenfall 15

Övriga

Schytt, Anna 14
Johnson, Rita 2
Övriga gäster 80

Totalt 1999 2041
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Appendix 1

Snow depth survey 1999 on Storglaciären

Appendix 2

Stake locations 1999 on Storglaciären
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Appendix 3

Winter balance map for Storglaciären 1998/99

Appendix 4

Summer balance map for Storglaciären 1998/99
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