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ABSTRACT. During the ablation season, the ice cap Vatnajökull (8100 km2) develops its own
microclimate that we describe by meteorological data collected during the summers of 1994–2003.
Persistent glacier winds are generated down the melting ice cap, whose variations in speed can be
related empirically to the temperature fluctuations of the lowland environs of the ice cap. This suggests
that climate warming would be accompanied by stronger glacier winds down the outlets of Vatnajökull,
producing stronger turbulent fluxes that might amplify the melting rates in the lower ablation areas.

1. INTRODUCTION
Vatnajökull is a medium-sized ice cap (8100 km2) located
near the North Atlantic Ocean close to the maritime
southeastern coast of Iceland (Fig. 1). The ice cap extends
150 km from west to east and 100 km from south to north
(63855’–64850’N, 15815’–18810’W) with an elevation
ranging from sea level up to 2000m. For zero net balance
the ablation zone is about 40% of the total glacier area, and
the equilibrium-line altitude is 1100m at the southern
outlets and 1300m in the northern part (Björnsson and
others, 1998). The surroundings of the ice cap are comprised
mainly of lava and outwash plains.

Several meteorological experiments have been performed
on medium- and small-sized glaciers with significant
ablation zones like Vatnajökull (e.g. Van den Broeke,
1997; Oerlemans, 1998; Oerlemans and others, 1999;
Oerlemans and Grisogono, 2001; Parmhed and others,
2004). They have described the microclimate created during
the summers that is characterized by a shallow downslope
wind field, typically 10–50m thick. A temperature deficit is
created between the boundary layer over the melting glacier
and the free atmosphere which generates negative buoyancy
forces and gravity winds. Further, warm air may rise outside
the margins of the glacier, producing a pressure gradient
down-glacier.

In this paper, we describe the temperature and wind
climate of Vatnajökull based on observations from 2–15
automatic weather stations (AWSs) during the summers of
1994–2003 (Fig. 1). These long-term observations allow us
to derive an empirical relation between the glacier wind
speed and the temperature observed at the lowland environs
of the ice cap. This can be used for discussion of the impact
of glacier winds in a warmer climate.

2. METEOROLOGICAL OBSERVATIONS
The AWSs on Vatnajökull were typically operated from early
May to the beginning of September and sometimes to late
September or early October. The AWSs on the ice cap
(Fig. 2) measured the incoming and outgoing shortwave
radiation (Qi, and Qo, respectively), incoming and outgoing
longwave radiation (Ii and Io, respectively) and wind
direction (WD) at 2m above the surface. Wind speed (uG),
air temperature (TG) and relative humidity (r ) were measured
at one to four levels. Air pressure was recorded at only one

to three stations on the glacier but several stations outside
the glacier. The daily changes in surface height were
measured directly by a sonic echo sounder (Fig. 2), and
the observed snow density used to calculate the corres-
ponding ablation rate (as) in water equivalent. The ablation
rate was also calculated directly from the energy com-
ponents (Fig. 3). A description of the set-up, instrumentation
and the calibration and accuracy of the meteorological
observations is given by Oerlemans and others (1999). The
instruments were calibrated before the fieldwork each year.
Air temperature (TS) was observed at several AWSs outside
the ice cap (Fig. 1). In this paper, we use observations at 2m
above the glacier surface.

3. THE MICROCLIMATE OF TEMPERATURE
AND WIND
Typically the ablation season at the margins of Vatnajökull
starts in May and ends in late September. At the southern
outlets terminating at 100m elevation, melting can take
place in any month, but at the northern and eastern outlets,
terminating at 750–850m, ablation typically starts from the
beginning to end of May, and 1–2weeks later at the
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Fig. 1. The sites of AWSs within and outside Vatnajökull. The
temperature (TS) at Eyjabakkar at 655m is related to the wind speed
at Brúarjökull outlet, and at Sandbúðir at 820m to the wind speed
at Köldukvı́slarjökull and Tungnaárjökull outlets.
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equilibrium line (1100–1200m). During the ablation season,
temperatures below freezing point were often observed in
the accumulation area, although some sublimation was kept
up by the net radiation. At the highest AWS, at Grı́msfjall
(1724m; Fig. 1), the summer temperature hovers around
08C, and the summer balance at the highest elevations of
the glacier is typically slightly negative (Björnsson and
others, 1998).

During the reduced cyclonic activity of the summer
months, the melting ice cap develops its own microclimate
characterized by persistent downslope winds. The air above
the glacier boundary layer is warmer than the melting
surface, resulting in negative buoyancy forces and gravity
winds down the sloping outlets. Furthermore, a large air-
temperature difference is set up between the boundary layer
over the melting glacier and its low-albedo environs (Fig. 4),
and the glacier wind may go together with a pressure
gradient set up down-glacier as the warm air rises outside
the margins of the glacier. Typically the observed pressure
gradient is about 5–10hPa per 50 km at western Vatnajökull,
and even larger at the southern outlet, Breiðamerkurjökull,
which terminates at sea level (profile 3 in Fig. 1). The

distribution of the wind directions is rather flat on the top of
the ice cap but becomes more consistently downslope at the
lower elevation (Fig. 5). From September to early May, the
conditions for developing the microclimate of the ablation
season change and cyclonic weather systems passing
Iceland become more influential for the local climate of
Vatnajökull.

The downslope glacier wind flow is observed during both
day and night in June–August (e.g. WDBs50 in Fig. 6c), but
the speed is in general related to the temperature variations
(in both TG and TS; Figs 7 and 8). Larger diurnal variations in
glacier winds were observed in the northern and western
than in the southern outlets, and in general no acceleration
was seen down the broad, gently sloping Brúarjökull,
Dyngjujökull and Tungnaárjökull outlets (profiles 1, 2 and
4 in Fig. 1). The glacier winds are strongest and most
persistent at the steep south-facing Breiðamerkurjökull
where they also accelerate down-glacier and show little
variation from day to night. The wind field even survives
cyclonic activity producing southerly winds at the coast. At
50m elevation on Breiðamerkursandur outwash plain, wind
always blows from the glacier (Fig. 6b and c), but at the
coast (4m elevation) the wind generally blows from sea to
land during the daytime (from the east or southeast) and
from land to sea during the night (from the north or north-
northwest) (Fig. 6a–c).

4. EMPIRICAL RELATION BETWEEN GLACIER WIND
SPEED AND AIR TEMPERATURES ON THE
LOWLAND OFF THE MELTING ICE CAP
A piecewise-linear regression of our AWS data gives the
relation

�TG ¼ a1�TS TS � a2
�TS otherwise

�
ð1Þ

between the temperature changes in the boundary layers on
the glacier (�TG in 8C) and its close environs (�TS in 8C).
Approximating melting conditions with TG � 08C,

�uG ¼ b1�TS TG � 0�C
0 otherwise

�
, ð2Þ

Fig. 3. Comparison of direct ablation measurements and energy-
budget calculations (Equation (5)). The results show daily melting
on Brúarjökull at 1150m in 1996.

Fig. 4. Example of relationship between air temperatures above the
glacier surface (TG) and at the stations outside (TS), as 1 hour means
from 1994 to 2003. Piecewise linear regression between tempera-
tures on and off the glacier is shown as imprinted grey lines (see
Equation (1)).

Fig. 2. Schematic graph of an AWS. The instruments are mounted to
a mast standing on the melting surface, and the sonic echo sounder
on a mast drilled several meters into the glacier. Parameters are
defined in section 2.
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relates the change in the speed of the glacier wind (�uG in
m s–1) to �TS (Fig. 7c and d). The coefficients a1, a2 and b1
vary with elevation and between locations on the glacier
(Table 1); a1 and b1 display the sensitivity of TG and uG
at 2m above the glacier, respectively, to changes in TS. The
smallest values of a1 are found at lower elevations (Table 1)
where the temperature deficit is highest between the free
atmosphere and the boundary layer of the melting glacier. In
general, the conditions for developing the glacier wind
become enhanced down-glacier, and its strength increas-
ingly more sensitive to TS (Table 1; Fig. 9a and b). The
accuracy of b1 (Table 1) improves with the number of
summers observed, increased inclination of the surface and
reduced elevation.

Using observations from one summer (1996) and external
temperature �35 km southwest of Vatnajökull, de Ruyter de
Wildt and others (2003) derived different b1 values for
Brúarjökull (–0.12 to 0.21m s–1 8C–1 at 1550–850ma.s.l.,
respectively) and Köldukvı́slarjökull (–0.20m s–1 8C–1). Their
estimate for Dyngjujökull is, however, comparable to our
values for Brúarjökull. They also obtained b1 in the range
0.12–0.3m s–1 8C–1 from 380 down to 165ma.s.l., respect-
ively, at Breiðamerkurjökull.

5. ESTIMATED IMPACT OF GLACIER WIND
ON SUMMER MELTING
Our observations suggest that warmer climate is accom-
panied by increased speed of glacier winds on Vatnajökull
(Table 1; Fig. 7c and d). To quantify the effect of increased
turbulent heat fluxes, we have calculated the energy balance
at AWSs on Vatnajökull for two scenarios: first, as observed
during May–August 1996 and 2000 (at Brúarjökull and
Köldukvı́slarjökull in 1996 and at Tungnaárjökull in 2000),
and, second, superimposing a stepwise temperature increase
(�TS) on the observed record. The surface topography was
assumed to be unchanged and the winter balance (bw) was

set equal to that observed in 1996 at Brúarjökull and
Köldukvı́slarjökull and 2000 at Tungnaárjökull.

We consider an increase in regional temperature (�TS) as
suggested by Jóhannesson and others (2004), based on

Fig. 6. Mean summer day values (June–August) of (a) temperature,
T , (b) wind speed, u, and (c) wind direction, WD, at Breiðamer-
kursandur. The subscript Bs4 refers to the coast at 4ma.s.l., and
Bs50 to the glacier terminus at 50ma.s.l. In (a) Tsea shows the sea
temperature of 108C.

Fig. 5. (a–c) Histograms showing the distribution of wind directions at Brúarjökull at 1550m (a), 1200m (b) and 850m (c); hourly-mean
values, June–August 1994–2003. (d) Contour map of Vatnajökull. The arrows show the most frequent wind direction � (typically downslope
on the glacier) at all the AWSs (Fig. 1), and the corresponding direction number, calculated asX

i
uGi cos ðWDi � �Þ½ �

.X
i
uGi 8i ;

where i is the sample number, uG the wind speed and WD the wind direction. Thus, for –1, 0 and 1 wind blows only up-slope, equally from
all directions and only downslope, respectively. The direction numbers and the most frequent wind directions for Brúarjökull are also
marked on the histograms in (a) and (b).
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scenarios for climate change in the North Atlantic area:

�TS
�t

¼ 0:225þ 0:075 cos 2�
d
n
� 0:46

� �
, ð3Þ

where �t is one decade, d is Julian day and n the total
number of days per year. Equation (3) describes sinusoidal
variation within the year, with lowest temperature changes
taking place in mid-summer and peaks around mid-winter
(+0.158C and +0.38C per decade, respectively). Here, we
only predict temperature changes for May–August, a max-
imum of +0.228C per decade in May.

The total energy (Mc) was calculated for a melting glacier
surface as

Mc ¼ R þHd þHl, ð4Þ
where R is the net radiation. The sensible (Hd) and latent (Hl)
heat fluxes were calculated from the wind, temperature and
relative humidity at 2m above the glacier surface using the
Monin–Obukhov model (e.g. Björnsson, 1972). The daily

ablation was calculated as

as ¼
Mc
�L Mc � 0
0 Mc < 0

�
ð5Þ

where � is the density of water and L ¼ 3:3� 105 J kg–1 is the
specific latent heat of melting. The daily melting rates (as)
estimated by the energy-budget calculations were in good
agreement with direct ablation measurements at all the
AWSs (Fig. 3).

The daily net radiation was calculated as

R ¼ Qið1� �Þ þ Ii þ�Ii � Io, ð6Þ
with Qi as the incoming shortwave radiation, Ii and Io the
incoming and outgoing longwave radiation, respectively,
and the surface albedo (�) based on observation and
varying with the timing of snow to firn/ice transition.
According to de Ruyter de Wildt and others (2003), the
glacier boundary layer above Breiðamerkurjökull outlet
(Fig. 1) is generally not thick enough to influence the
incoming longwave radiation (Ii). Our long-term data,
however, strongly indicate the variation of Ii at western
and northern Vatnajökull is lower than changes in �T 4

S and
higher than in �T 4

G (� being the Stefan–Boltzmann con-
stant), i.e. the cold glacier boundary layer affects Ii but is
not thick enough to eliminate effects of the warm air above.
Further, the glacier boundary layer may become thicker
with increased TS. Therefore, the changes �Ii from the
present longwave radiation Ii were assumed to be inter-
mediate between those of �T 4

G and �T 4
S .

Given our second scenario, calculations predict
enhanced summer melting caused by increased eddy
fluxes (H ¼ Hd þHl) and net radiation as shown in
Figure 9c and d. The net radiation is more modified by
the increased longwave radiation than reduced surface

Fig. 8. Mean diurnal variations of temperature and glacier wind,
calculated using the data in Figure 7a.

Fig. 7. Variation of the glacier wind speed with temperature at 2m above the melting surface (a, b) and outside the glacier (c, d), shown as
three-dimensional histograms with a vertical view. The subplots include 1 hour data from June to August in 1996–2000 at Köldukvı́slarjökull
at 1100m (a, c) and 1994–2003 at Brúarjökull at 1150–1200m (b, d). The grey lines in (c) and (d) show the slope b1 in Table 1 and
Equation (2).
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albedo despite earlier exposure of the previous year’s
summer surface. The wind-speed changes affect the
turbulent eddy fluxes and the ablation at an increasing
rate at the lower elevations (Fig. 9; Table 2). For
�TS ¼ þ38C, �TG calculated with Equation (1) and
�uG ¼ 0m s–1, the present summer melting increases by
�1mw.e. at 1550m on Brúarjökull and �2mw.e. at
755m on Tungnaárjökull (Table 2, columns a and b).
Melting at the other stations increases by �1.4–1.8mw.e.
Including the wind-speed changes in Equation (2),
the melting rates would not change at 1550m on
Brúarjökull, but would increase by 6–8% at the other
sites (Table 2, columns b and c). The exceptionally high
difference of 19% (5.3–6.3mw.e. in Table 2) at 850m
on Brúarjökull is partly due to the increase in the
absorbed net solar radiation (Fig. 9d). At 1100m
elevation on the steep-sloping Köldukvı́slarjökull, summer
wind speed is considerably higher than at the other sites
listed in Table 2, explaining the relatively small differ-
ence (2% increase).

6. CONCLUSION
During the ablation season, Vatnajökull develops its own
microclimate with persistent glacier winds. The wind field is
created by the temperature difference between the boundary
layer over the melting glacier and the free atmosphere and
the rising air over the warmer lowland environs of the
glacier. The variations in speed of the glacier wind can be
related empirically to the temperature fluctuations of the
lowland environs of the ice cap. This suggests that climate
warming would be accompanied by stronger glacier winds,
producing stronger turbulent fluxes and increasing the
melting rates in the lower ablation areas of ice caps in
Iceland.
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Fig. 9. Calculated temperature, wind speed and energy components at Brúarjökull as functions of assumed regional temperature changes at
Eyjabakkar (�TS). All parameters represent averages over the period May–August. The solid lines in (c) and (d) show the energy budget
assuming only the temperature changes in (a) and (b), and the dashed lines when the wind-speed changes are included.

Table 2. Column a: May–August ablation in 1996 on Brúarjökull
and Köldukvı́slarjökull and in 2000 on Tungnaárjökull. Columns b
and c: average May–August ablation for �TS ¼ þ38C, using only
the temperature changes in Equation (1), and including the wind-
speed changes in Equation (2), respectively

Elevation a. b. c.

ma.s.l. mw.e. mw.e. mw.e.

Brúarjökull:
1550 0.9 1.8 1.8
1150 2.1 3.7 4.0
850 3.6 5.3 6.3
Köldukvı́slarjökull:
1100 2.7 4.1 4.2
Tungnaárjökull:
1450 1.5 3.2 3.4
1200 1.9 3.7 4.0
755 5.6 7.8 8.4

Table 1. Observation periods, the surface slope (�) and the constants
a1, a2 and b1 of Equations (1–2)

Elevation Summers of
observation

� a1 a2 b1

ma.s.l. 8 8C ms–1 8C– 1

Brúarjökull:
1550 1996,

2001–03
�0.0 0.46�0.07 3.86 0.00� 0.10

1150–1200 1994–2003 �0.8 0.25�0.03 4.65 0.25� 0.06
850 1996–97,

2001–03
�1.8 0.15�0.03 4.36 0.39� 0.04

Köldukvı́slarjökull:
1100 1996–2000 �3.6 0.21�0.02 4.29 0.21� 0.03
Tungnaárjökull:
1450 1997–2003 �1.4 0.24�0.03 5.39 0.18� 0.06
1100 1999–2003 �1.3 0.33�0.06 5.54 0.25� 0.09
755 1999–2000 �5.8 0.22�0.04 1.95 0.30� 0.06
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