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Abstract – Vatnajökull (Iceland) is the largest ice cap in the world where the energy and mass balance have
been studied with good spatial and temporal resolution. In this paper we use these data to analyze the energy
balance and to construct a calibrated and spatially distributed mass balance model. The incoming longwave
radiation is best modeled as a function of meteorological variables in the free atmosphere just above the rel-
atively thin katabatic layer, instead of those at the 2 m level. The ratio of changes in the 2 m temperature to
changes in the free atmospheric temperature (the climate sensitivity) is smaller than 1. Therefore, when the bulk
method is used to compute the turbulent fluxes, the 2 m temperature must be explicitly calculated. Otherwise
the sensitivity of Vatnajökull to climatic change would be overestimated. When the model is forced with data
from a permanent weather station not on the ice cap, it reproduces the observed mass balance reasonably well.
Horizontal precipitation gradients over Vatnajökull are large, which results in a strongly varying sensitivity to
external temperature changes over the ice cap. The mass balance and its sensitivity is thus highly dependent
on local climatic conditions. For a temperature increase of 1 K and a simultaneous precipitation increase of
5.3%, the mean specific mass balance of Vatnajökull decreases by 0.56 m w.e.

INTRODUCTION

Many authors have studied the energy and mass bal-
ance of glaciers. In earlier studies single points on
a glacier were studied (e.g., Ambach, 1963; Munro
and Davies, 1978). However, the mass balance de-
pends strongly on altitude which is why others stud-
ied the energy balance along glacier transects (e.g.,
Braithwaite and Olesen, 1990; Munro, 1990; Greuell
et al., 1997) and modeled mass balance gradients and
sensitivities (e.g., Ambach and Kuhn, 1985; Van de
Wal and Oerlemans, 1994; Jóhannesson, 1997). Only
a few authors have studied the surface of a glacier
or ice cap in a three-dimensional way (e.g., Arnold
et al., 1996, Oerlemans et al., 1999). Oerlemans et
al. (1999) carried out a glacio-meteorological exper-
iment on Vatnajökull (Iceland), which is the first ice
cap where the melt process has been observed with
good spatial and temporal resolution. In this work
we use data from this experiment to analyze the en-
ergy balance and present a calibrated mass balance

model which is based on a calculation of the sur-
face energy balance. We force this model with data
from meteorological stations that are close to but not
on the ice cap. For these stations long meteorologi-
cal records are available with which we can calculate
the mean specific mass balance over the last decades
and study the sensitivity of Vatnajökull to external
climatic change. Precipitation over Vatnajökull is
largely unknown, which is why we use this quantity
to tune the model to the mass balance data. The mass
balance is evaluated at a number of sites distributed
across the ice cap. A Digital Elevation Model (DEM)
with a horizontal resolution of 500 m is used to obtain
the altitude and other geographical features for these
points (Figure 1). The mean specific mass balance is
then calculated with an interpolation scheme that was
especially developed for this purpose.

Vatnajökull (Figure 1) is located in southeastern
Iceland and is one of the largest temperate ice caps
in the world (8200 km

�

). The altitude ranges from
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Figure 1. Map of Vatnajökull based on the DEM used by the mass balance model. The horizontal resolution is
500 m and contour lines are shown for each 250 m interval in altitude. Indicated are the sixteen weather stations
operated during the 1996 experiment and the names of the lobes. The permanent weather stations of Horna-
fjörður, Fagurhólsmýri and Kirkjubæjarklaustur are indicated with HOR, FAG and KIR, respectively. – Kort af
Vatnajökli sem sýnir legu sex sjálfvirkra veðurstöðva á jökli og þriggja veðurathuganastöðva utan jökuls.

sea-level to 2000 m with 88% of the surface between
700 and 1700 m. It comprises several domes overly-
ing volcanic caldera’s, some large surging-type lobes
and many smaller outlet glaciers. Since the end of the
nineteenth century it has been the topic of much re-
search, but only in the latest decades have data been
gathered in a systematic way. Overviews of previous
research are given by Björnsson et al. (1998a) and
Williams et al. (1997). The experiment reported in
this paper was carried out in 1996 by research groups
from the universities of Iceland, Utrecht (The Nether-

lands), Innsbruck (Austria) and from the Vrije Univer-
siteit of Amsterdam (The Netherlands). Twelve Au-
tomatic Weather Stations were placed on the ice cap
and four close to it (Figure 1). All of these were op-
erated from May 22

���
until September 1

���
and mea-

sured, amongst other variables, 2 m temperature, 2
m humidity, 2 m windspeed, pressure and incoming
and outgoing shortwave and longwave radiation. Fur-
thermore, close to U2 radiosonde ascents were made
twice daily. These produced profiles of temperature,
humidity, windspeed and pressure up to an altitude of
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10 km. Balloon soundings were made frequently near
U3 and near I6 to probe the lowest 500 m of the atmo-
sphere. Cloud observations were made approximately
every 3 hours near station U2 and irregularly near sta-
tion R5. The set-up of the experiment and the data are
discussed in more detail in Oerlemans et al. (1999).

ENERGY BALANCE
PARAMETERIZATIONS

Surface melt occurs when the energy balance at the
surface (

�
) is larger than zero.

�
is given by���������
	���������

�
�������

�
���

�
�����

(1)

where
	

is the surface albedo,


the global radiation,� �
� the incoming longwave radiation,

� ���
� the outgo-

ing longwave radiation, H � the turbulent flux of sen-
sible heat and H

�
the turbulent flux of latent heat.

Global radiation
Global radiation is computed according to the pa-
rameterization given by Greuell et al. (1997) which
is based on Meyers and Dale (1983). This param-
eterization is valid for horizontal surfaces. Most of
the surface of Vatnajökull slopes very gently, so we
apply a first order approximation to take the surface
inclination into account. The surface inclination only
influences the direct solar radiation, so we distinguish
between direct and diffuse shortwave radiation:

����� �"!$#&%('*)$�"+
�
�,+

��-/. �0��! �
%('1)2+

�/324 � (2)

where 4 �5� 4 - 476$4&8940: � 40; � �=< �
� - � �9> � and

! # �!
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�?�

.
 �

denotes the solar irradiance at the top of
the atmosphere,

+
� is the solar zenith angle, and

+
�@-A.

is the inclination of the surface in the direction of the
sun.

+
� can be easily calculated from standard astro-

nomical theory (e.g., Walraven, 1978). For clear skies!$#
is 0.9 and

!
� is 0.1 while for entirely overcast skies!$#

is 0 and
!

� is 1. 4&-(4 6 , 4 8 , 4 : � and 4 ; � are trans-
mission coefficients that account for Rayleigh scatter-
ing and absorption by other gases than water vapor,
absorption by water vapor, aerosol extinction and ab-
sorption by clouds, respectively. The first three coeffi-
cients can directly be calculated from meteorological

variables. 4 : � and 4 ; � are tuned to the data in the same
way as described in Greuell et al. (1997). The coeffi-
cients

�9<
� ,
� - � and

��> �
account for the amplification

through multiple scattering at the surface, amplifica-
tion through directly reflected radiation at the surface
and attenuation by horizon obstruction. These three
coefficients can be obtained from the DEM. Figure 2a
displays hourly means of the observed and simulated
global radiation for the stations for which cloud ob-
servations are available.

Albedo
Snow albedo (

	
��� ) depends on several climatological

and surficial quantities and thus changes in time and
space. These quantities are grain size, impurity con-
tent, cloudiness, solar inclination, liquid water content
and surface roughness (e.g., Warren, 1982). The in-
fluence of most of these quantities on

	
��� is not well

understood and some simplifications have to be made
when

	
��� is parameterized. We use a parameteriza-

tion that describes the daily albedo as a function of ag-
ing of the snow and snowdepth (Oerlemans and Knap,
1998). We calibrate this parameterization to the data
measured on Vatnajökull.

The ice albedo displays large spatial variations
over Vatnajökull which cannot be described with a
simple parameterization. In the north and northwest
(U8, U9 and R2) the mean ice albedo is very low
(<0.10). As has been confirmed in situ, these low val-
ues are caused by black volcanic deposits, tephra. The
tephra melts out and accumulates in the ablation zone.
To the south and to the east, the ice is cleaner, but the
albedo has not been measured on all major outlets and
it varies a lot in some areas. For example, the albedo
values measured at the stations A4, A5, I6 and R4
are most likely not representative of their surround-
ings (Reijmer et al., 1999). We therefore use satel-
lite reflectance images to determine the ice albedo of
different parts of Vatnajökull. We do not study the
snow albedo in this way, because the snow albedo is
more homogeneous on a horizontal scale than the ice
albedo. Furthermore, there are too few usable satellite
images to resolve changes in snow albedo. We use
NOAA-AVHRR images which have a resolution of
1.1 km at nadir. The retrieval method is described by
De Ruyter de Wildt et al. (2002). Figure 3 shows one
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Figure 2. Scatterplots of calculated against observed hourly means of global radiation (a) and of the incoming
longwave radiation (b). Only measurements from stations for which cloud observations are available are shown
(A1, U2, A4, A5, I6, R4 and R5). For calculation of the incoming longwave radiation data from the radio
soundings are used, which are available only twice a day. – Samband mældrar og reiknaðrar sólgeislunar (a)
og jarðgeislunar (b).

of the images. It displays few clouds and much bare
ice and shows that Breiðamerkurjökull and Skeiðarár-
jökull in the south have broad bands of low albedo and
are quite inhomogeneous. Tungnaárjökull and Köldu-
kvíslarjökull in the west are more homogeneous. The
same is true for Dyngjujökull in the north but this out-
let displays lower albedo values than the other ones
(below 0.05 in places). For each model evaluation site
we use the mean ice albedo that was determined for
that site from the satellite images.

In November 1996 a volcanic eruption took place
underneath Vatnajökull, which had a significant im-
pact upon the ice cap (Gudmundsson et al., 1997).
The eruption melted the ice, causing a large flood
or jökulhlaup south of Skeiðarárjökull. The eruption
also covered large parts of Vatnajökull with tephra.
From the AVHRR images we find that during the sum-
mer of 1997, the average albedo in the accumulation
area was about 0.08 lower than in the years prior to
and after 1997. In the model we therefore lower the

albedo of snow and firn by 0.08 during the melting
season of 1997. The eruption had no measurable ef-
fect upon the albedo of the ablation areas presumably
because there the albedo already was relatively low.

Longwave radiation� �
� stems from the lowest part of the atmospheric

boundary layer and from the upper-hemisphere slopes
that surround a measurement site. For an exact cal-
culation one needs to know the atmospheric profiles
of temperature and humidity, but generally the influ-
ence of the vertical profiles can be well described with
the temperature and water vapor pressure at screen-
height, 4 : and e : . We use a slightly altered ver-
sion of the parameterization given by Greuell et al.
(1997) which is based on Konzelmann et al. (1994)
and which calculates

�$�
� as a function of 4 : , e : and

cloudiness. However, the katabatic layer over Vatna-
jökull is generally not very thick (Oerlemans et al.,
1999) and 4 : and e : are not representative of that part
of the atmosphere that generates

� �
� . Near A5, for ex-
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Figure 3. NOAA AVHRR image of Vatnajökull, taken on August 23rd, 1998. It has been processed so that it
represents the surface albedo. The black pixels represent clouds. – Gervitunglamynd sem sýnir endurkaststuðul
sólgeislunar á Vatnajökli 23. ágúst 1998. Svörtu reitirnir stafa af skýjum.

ample, the temperature inversion typically occurs in
the lowest 20 to 30 m above the surface. This means
that

�(�
� , even for this station which is situated in the

lower part of the ablation area, is only partly influ-
enced by the katabatic layer and is best described as a
function of meteorological variables in the free atmo-
sphere (Meesters and van den Broeke, 1996). When
we tune the parameterization to the measurements of� �
� (Appendix), we indeed find that

� �
� is best de-

scribed as a function of the temperature and the water
vapor pressure in the free atmosphere at the same alti-
tude as the measurement site ( 4 : � < and e : � < ). Apart
from this, when the mass balance model is forced
with external data, 4 : and e : need to be computed

from the external data, which introduces extra uncer-
tainty. When we compute

�$�
� from the cloud obser-

vations and from 4 : � < and e : � < (measured by the ra-
dio soundings), we obtain a correlation coefficient be-
tween computed and observed

�$�
� of 0.86. The resid-

ual standard deviation is 17.6 W/m
�

(Figure 2b).�����
� depends on the surface temperature and on

the surface emissivity, which were not measured.
However, the emissivity of snow and glacier ice is
very close to 1 (Warren, 1982), while we assume the
surface temperature to be equal to 4=: when 40: is be-
low the freezing point. Otherwise, the surface temper-
ature is set to 0

�

C.
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Turbulent fluxes�
� and

� �
are calculated with the bulk transfer

method (e.g., Munro, 1990). This method requires
values of windspeed, temperature and humidity at the
surface and at some height above the surface (usually
2 m) as input. The basis for the bulk method, Monin-
Obukhov similarity theory, is not strictly valid when
a low level wind maximum is present, as is the case
over sloping and melting glacier surfaces (Munro and
Davies, 1978). In spite of this, recent work (Denby
and Greuell, 2000) has shown that the bulk method
only slightly overestimates

�
� and

���
. The roughness

length for momentum ( � � ) has been reported to vary
considerably in space and time over the ice surface
of Breiðamerkurjökull, where values between 3 mm
and 6 cm were found (Smeets et al., 1999). The large
values were caused by ice hummocks up to almost 2
m in height, which developed during the melting sea-
son. The smallest values were measured before these
hummocks developed and these values are compara-
ble with those for smooth ice surfaces found in the
literature (Morris, 1989). Unfortunately, the afore-
mentioned kind of irregularities can hardly be mod-
eled and, moreover, do not arise in all ablation areas
of Vatnajökull. We therefore choose an intermediate
value of 5 mm for � � over ice. Denby and Greuell
(2000) remarked that the error in the calculated tur-
bulent heat fluxes due to an order of magnitude er-
ror in � � will be roughly 25%. We expect this to be
an upper limit for the error present in the calculated
turbulent heat fluxes. For snow surfaces, where these
problems literally and figuratively do not arise, we use
a value of 0.1 mm for dry snow and 2 mm for wet
snow. These values are often found for snow surfaces
(Morris, 1989). The roughness lengths for heat and
moisture are calculated from � � with the often-used
expressions of Andreas (1987).

Insulation

For most weather stations, the sum of observed net
radiation and turbulent fluxes (as computed from ob-
served 2 m variables) matches the energy that is re-
quired for the melt observed during the experiment
(Figure 4). At sites where tephra covered ice ap-
peared at the surface (I6, U8, U9 and R2) the sim-

ulated amount of melt is too high. This is proba-
bly caused by insulation of the underlying ice (e.g.,
Bozhinsky et al., 1986; Kirkbride, 1995), because in
the thermal channels of the NOAA satellite these parts
of Vatnajökull appear slightly warmer than the rest of
the ice cap surface. For the stations I6, U9 and R2 the
observed melt corresponds to about 80% of the melt
energy that was available when the surface was snow-
free. For station U8 there was tephra-covered ice at
the surface only during a few days of the 1996 ex-
periment and the effect of insulation is small here. A
reduction of melt by 20% is plausible, for this corre-
sponds to a tephra layer of a few cm (e.g., Kirkbride,
1995). We do not attempt to model this effect elab-
orately, because it concerns only a minor part of the
ablation area. Only on Dyngjujökull a significant part
of the ablation area is covered by tephra or other de-
bris (Figure 3). Furthermore, information needed to
do so (notably thickness and thermal conductivity of
the layer) is not available. We simply reduce the melt
by 20% when the albedo is 0.15 or lower.

RECONSTRUCTION OF THE MASS
BALANCE

We compute the mass balance (
�

) as the annual sum
of ablation and solid precipitation:

� ���
��� : - �����
	������� < �0��� ��� � ��

� 3���� (3)

where
���� <

is the ablation rate,
 <

the latent heat
of melting of ice,

�
the solid precipitation rate and


�

the latent heat of sublimation. The time step that we
use is 30 minutes and we let the balance year start on
September 21

� �
. We neglect refreezing of meltwater

and assume that the meltwater drains away instanta-
neously. Superimposed ice was not found anywhere
on the ice cap during field work in the years 1992–
1995 (Björnsson et al., 1998a). Furthermore, the re-
freezing process is only important when the winter
snowpack is cold (e.g., Colbeck, 1975) and the ab-
lation season is short (Greuell and Oerlemans, 1986).
Winters in Iceland are relatively mild and the ablation
season on Vatnajökull is long. At station U7 (1530 m
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Figure 4. Mean energy used for melting (
� <

) during the 1996 experiment. Only those stations are shown where
the net radiation was measured during the entire experiment. Shown are the values obtained from the observed
melt ( �

���
), the simulated values without the effect of insulation (

�����
) and the simulated values with this ef-

fect (
�����

,
��	
�

). The simulated values are obtained from the observed net radiation and the turbulent fluxes
calculated from the observed 2 m values of meteorological variables. – Orka sem fór til leysingar á ýmsum
mælistöðum sumarið 1996 (mælt og reiknað).

a.s.l.) the ablation season lasts about 120 days and at
station U3 (169 m a.s.l.) about 220 days.

Both the ablation rate and the accumulation rate
of an ice body are largely determined by the condi-
tions of the atmosphere that surrounds it. We assume
all meteorological variables in the free atmosphere,
except precipitation, to be horizontally homogenous
around Vatnajökull. This seems justified, for the mean
temperatures of three stations that lie at very different
locations are nearly the same when they are extrapo-
lated to sea-level: 9.3, 9.4 and 9.3

�

C for A1, U10 and
R1, respectively. The tuning of the emissivity of clear
skies (Appendix) also indicates that the free atmo-
sphere was horizontally homogeneous, for all stations

display the same results. Because of this assumption
the model can be forced with data from a single per-
manent weather station. We use a permanent weather
station outside of the ice cap so that we can recon-
struct a long mass balance record and study the sen-
sitivity of Vatnajökull to external climatic changes.
There are three such stations close to Vatnajökull:
one in Hornafjörður, one in Fagurhólsmýri and one
in Kirkjubæjarklaustur (Figure 1). Hornafjörður is
much more influenced by clouds and damp air from
the ocean than most of Vatnajökull. The station in
Fagurhólsmýri has no long records of humidity, so the
station in Kirkjubæjarklaustur (named KIR hereafter)
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Table 1. Observed and simulated sensitivities of temperature and windspeed at screen-height. The sensitivities
were obtained by fitting a straight line to daily mean values. – Mæld (obs.) og reiknuð (cal.) aukning í lofthita
og vindhraða í veðurstöðvum við einnar gráðu hlýnun andrúmslofts.

Station Altitude (m) �*40: � � 40: � < ���7: � � 40: � <
(
� ��� #�� � #

)
Obs. Cal. Obs.

U3 165 0.32 � 0.05 0.34 � 0.00 0.30 � 0.08
A4 279 0.38 � 0.05 0.38 � 0.01 0.18 � 0.10
A5 381 0.41 � 0.05 0.43 � 0.01 0.12 � 0.08
I6 715 0.62 � 0.05 0.57 � 0.01 -0.04 � 0.09
R6 820 0.94 � 0.06 0.62 � 0.01 0.17 � 0.14
R4 830 0.70 � 0.07 0.62 � 0.01 0.21 � 0.11
U9 870 0.74 � 0.08 0.63 � 0.01 0.32 � 0.09
R2 1100 0.62 � 0.07 0.73 � 0.02 -0.20 � 0.13
R5 1140 0.75 � 0.06 0.75 � 0.02 0.05 � 0.12
U8 1210 0.78 � 0.08 0.78 � 0.02 0.19 � 0.12
U7 1530 0.99 � 0.08 0.91 � 0.02 -0.12 � 0.11
R3 1712 0.95 � 0.09 0.99 � 0.03 -0.02 � 0.15

is the most suitable. From this station we use daily
means of temperature, vapor pressure, pressure and
cloudiness from 1965 to 1999. Upon the temperature
we impose a daily cycle with an amplitude of 2.2 K,
which is the observed mean daily amplitude at the sta-
tions A1, U10 and R1. Precipitation in KIR was found
to be not particularly well correlated to the observed
winter mass balance of northern and western Vatna-
jökull. The precipitation measured in Fagurhólsmýri
proved to be more useful, which is why we force the
model with monthly values from this station.

Variables in the free atmosphere

The temperature in the free atmosphere influences
� �
�

(see the Appendix) and the occurrence of solid precip-
itation. It is calculated from the temperature at KIR
( 4 � ) and the atmospheric lapse rate ( � : � < ), which
is obtained from the radiosonde data (-5.8 K/km).
The atmospheric pressure (� ) is extrapolated from the
pressure measured at KIR (� � ) with the same expo-
nential decrease with altitude as was measured by the
radiosondes. Vapor pressure in the free atmosphere
(e : � < ) is calculated by assuming a constant relative
humidity with altitude. The radiosonde data showed
that this was, on average, the case.

Variables in the katabatic layer

When melting conditions prevail a cool katabatic sur-
face layer develops in which temperature and wind
speed deviate from their values in the free atmosphere.
All weather stations on the ice cap, except U7, R3 and
R6, display a preferred wind direction (Oerlemans et
al., 1999). This means that a large part of the ice
cap is subject to a more or less persistent katabatic
wind regime which shields the surface from fluctua-
tions in the atmosphere. This is clearly reflected in the
sensitivities of 2 m variables to external changes (Ta-
ble 1). The sensitivity of 4 : to external temperature
changes, � 4 : � �*40: � < , is smallest for the lowest sta-
tions and increases with altitude. It approaches 1 for
the stations where a katabatic layer was weak or ab-
sent (U7 and R3 high in the accumulation area and R6
on an open spot at the very glacier margin). Neglect-
ing the small sensitivities of the 2 m variables leads to
an over-estimation of the sensitivity of the turbulent
fluxes to external temperature changes (Greuell and
Böhm, 1998).

From a physical point of view, parameterizations
of the 2 m variables should be based upon the dynamic
equations that describe the turbulent exchange of mo-
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Figure 5. a: Average 2 m temperature ( 4 : ) as a function of surface altitude, for different values of the temper-
ature in Kirkjubæjarklaustur ( 4 � ); b: 2 m lapse rate ( � : ) and 2 m temperature deviation at sea-level ( 4=:�� � ) as a
function of 4 � , both determined from the linear regressions in plot a. The data points for 4 � = 0

�

C are boundary
conditions. – a: Tengsl hita á Kirkjubæjarklaustri ( 4 � ) og lofthita í 2 m hæð á Vatnajökli ( 4 : ). b: hitastigull
( � : ) og hitafrávik ( 4 :�� � ) við sjávarmál sem fall af hitastigi á Kirkjubæjarklaustri ( 4 � ).
mentum, heat and moisture. However, the dynamics
of the katabatic layer are very complex and external
effects such as advection further complicate the sit-
uation. On the other hand, when we analyzed the
data we found that 4 : can be adequately described by
empirical relations that result in correct sensitivities.4 : decreases linearly with altitude (Oerlemans et al.,
1999) and we found that this decrease changes with4 � (Figure 5a). We therefore write

4 : � 4 :�� � � � : � (4)

where 4 :�� � is 4 : at sea-level, � : is the lapse rate of4 : and � is the altitude. The dependence of both coef-
ficients in equation 4 upon 4 � is shown in Figure 5b.
For low temperatures hardly any katabatic flow exists
and � : nearly equals � : � < . For higher temperatures,
� : grows less negative and 4 :�� � deviates more from4 � . For high values of 4 � , � : approaches -2.5 K/km.

� : is best described by an inverse tangent (Figure 5b):

� : � � � � � ��� � � � � ��� �����
	/%����� � � ����� � 4 � ��� � � � 3
(5)

When we impose the boundary condition that 4 :�� �
equals 4 � for 4 � = 0

�

C, we can describe the depen-
dence of 40:�� � upon 4 � with (Figure 5b):4 :�� � � � � ��� 4 � � � � ����� 4 � �

(6)

So the higher T
�
, the less negative � : and the more

negative the deviation of 4 : from 4 : � < . These results
are not surprising because the katabatic layer, which
reduces 4 : and � : , is better developed at higher tem-
peratures. Table 2 shows that mean observed and sim-
ulated values of 4 : correspond reasonably well. The
parameterization of 4 : produces mean errors between
0 and 1.2 K, but this error is much smaller than the
mean difference between 4 : � < and 40: . The sensitiv-
ities that result from the parameterization correspond
well with the observed sensitivities (Table 1).
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For the 2 m windspeed ( � : ) the picture is differ-
ent. For some stations where the katabatic forcing is
strong (U3, A4, U8, U9 and R4), ��� : � �*4&: � < is 0.2 to
0.3. However, the uncertainties are large for these sta-
tions and even larger for the other stations, which dis-
play no significant sensitivities. We therefore do not
develop a parameterization for �0: . Instead we use the
mean wind speed in the free atmosphere, as measured
by the radiosondes. For U3, R2 and R4 this results in
a mean wind speed that is much too low, while for I6 it
is much too high (Table 2). The former three stations
lie at the very margin of the ice cap and experience
strong katabatic winds. They represent, however, only
a very small part of Vatnajökull. I6 is situated near
nunataks that probably provide shelter from the wind.

Table 2. Differences between mean observed and
mean simulated daily mean values of 2 m temp-
erature ( �*4 : ) and windspeed ( ��� : ) during
the 1996 experiment. – Meðaltalsmismun-
ur mælds og reiknaðs dagsmeðaltals loft-
hita og vindhraða í 2 m hæð sumarið 1996.

Station Altitude (m) � 4 : (K) ���&: (m/s)
U3 165 0.12 -1.57
A4 279 0.23 -0.44
A5 381 0.38 0.52
I6 715 1.17 1.15
R6 820 1.19 0.04
R4 830 0.27 -1.15
U9 870 1.13 -0.38
R2 1100 0.60 -1.30
R5 1140 0.30 -0.18
U8 1210 0.10 -0.29
U7 1530 0.46 0.54
R3 1715 0.02 0.36

Cloudiness
Cloudiness was observed every three hours close to
U2 in the south and less regularly near R5 in the north.
Mean values of cloudiness for these two stations and
for the stations in Hornafjörður and KIR are shown in
Table 3. More information about the mean cloudiness
can be gained by assuming the cloud observations of
station U2 to be valid for all stations and then compar-
ing mean calculated with mean observed global radi-

ation. The correspondence is good for most stations
(Figure 6).

Table 3. Mean observed cloudiness (<
	

>) for several
locations and periods. – Meðaltal skýjahulu á ýmsum
athugunarstöðvum.

Station Altitude <n> summer <n> summer
(m) 1996 1966–1996

U2 50 0.750
R5 1140 0.694
Hornafj. 0 0.803 0.808
KIR 35 0.764 0.764

Figure 6. Mean observed (circles) and simulated
(crosses) values of the global radiation over Vatna-
jökull as a function of altitude. In order to minimize
errors in the observations, measurements correspond-
ing to high solar zenith angles (>80

�

) were not used
for this comparison. – Mæld (hringir) og reiknuð
(krossar) sólgeislun í mismunandi hæð á Vatnajökli.

Some stations have large deviations, which are
most likely caused by an erroneous cloud factor.
Other factors in equation 2 cannot produce such large
deviations. For U9, U10, R1, R3 and R6 the cal-
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culated values are too high, so for these stations the
mean cloudiness and/or the optical thickness must
have been higher than at U2. R3 was located near
the Grímsvötn depression and was often surrounded
by fog. R6 was located near Hornafjörður, where the
mean cloudiness was higher than at U2 (Table 3). For
U9, U10 and R1 no other indications of a low cloud
factor are available. Note, however, that U10 and R1
were not located on but close to the ice cap.

We force the model with daily values of cloudi-
ness, and it seems best to use values measured in KIR.
This is expected to introduce errors over the lower-
most ablation zones in the north, the southeast (not
over Breiðamerkurjökull) and perhaps in the west.

Precipitation and tuning of the model

Because the albedo depends upon the number of days
since the last snowfall, it is important to simulate the
time between subsequent snowfalls correctly. When
we assume that precipitation falls every 5

�
>

day, and
define days with snowfall as days with precipita-
tion and a daily mean temperature below 3

�

C (in
the free atmosphere above the katabatic layer), the
mean albedo in the accumulation area is simulated
correctly. The exact amount of annual precipitation
is only known at a few locations near the coast and
we will have to use it for final tuning. We assume that
the precipitation gradients are fixed in time, and for all
sites where

�
has been measured regularly, we cali-

brate
�

so that the modeled annual mean
�

is equal to
the observed annual mean

�
(over the years 1993 to

1999). The resulting precipitation field must be inter-
polated to the model evaluation sites, but the measure-
ment sites are irregularly distributed over the ice cap
and do not resolve many of the altitudinal gradients.
Hence, we make a distinction between horizontal and
vertical gradients. Precipitation is often found to dou-
ble in a certain altitude interval so we write:� � � ������� #����/�

(7)

where
�=�

is the mean annual precipitation at a ref-
erence altitude and

�
is a constant (e.g., for a dou-

bling per 1000 m,
�

has a value of 2). We fit this
equation to the winter mass balance data, which are
available for the years 1993 to 1999 (Björnsson et al.,

1997, 1998a,b,c, 1999; Gudmundsson, 2000; Sigurds-
son, 1997). These data were mainly obtained over the
northwestern part of Vatnajökull, including most of
the accumulation area. For Öræfajökull (the south-
ernmost dome of Vatnajökull) we also use precipita-
tion data from the permanent weather station in Fag-
urhólsmýri. When we correct the data for the small
amounts of ablation and rainfall that occur during the
winter season (both corrections are calculated with
the mass balance model), we find a value of 2.3 for
�

. At each measurement site, we can now reduce
�

to its value at sea-level. The resulting values vary
smoothly over the ice cap and we can interpolate them
to the model evaluation sites with Kriging interpola-
tion (e.g., Cressie, 1993). This interpolation technique
is suitable for smooth interpolation of unevenly dis-
tributed data such as the mass balance observations
that we use. At each model evaluation site we then
calculate

�
with equation 7.

RESULTS

Energy balance

Observed and modeled components of the energy
balance are displayed in Figure 7. All components
change with altitude and this is simulated by the
model.

 �
� and

	
logically increase with altitude,

whereas the net longwave radiation and the turbulent
fluxes decrease with altitude. For station U9, and to
a lesser extent for A4, A5 and I6, the modeled cloud
factor is too low and hence the calculated global radia-
tion is too high. Significant differences in the percent-
age of reflected shortwave radiation are present for
A4, A5, and R2. For A4 and A5 this is caused by the
ice albedo which is not representative of the surround-
ing ice. The model uses a more representative value.
In the model results the snow disappears too soon at
station R2 so the modeled mean albedo is too low.
This is a consequence of tuning the model precipita-
tion with mass balance data from several years. Errors
in the turbulent heat fluxes mainly result from errors
in the calculated meteorological variables at screen-
height. Note that for U9 and R2 part of the available
energy is not used for melting due to insulation.
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Figure 7. Mean observed (obs.) and calculated (cal.) components of the energy balance during the 1996 ex-
periment. Those stations are shown where all radiation components have been measured.

 ���
� is the reflected

shortwave radiation,
�
��� � the net longwave radiation,

� �
�
�

the energy used to heat up the insulating layer,
� <

the melt energy and � ����� the net radiation. Other symbols are explained in the text.
�
� ,
���

and
�=�

�
�

(if ap-
plicable) have not been measured directly, but the sum of these three modeled components should be equal to
the observed difference between

� <
and � ��� � . – Mældir (obs.) og reiknaðir (cal.) orkuþættir sem bárust jökli

í ýmsum sjálfvirkum veðurstöðvum.
 � 	

, sólgeislun sem fellur á jökul,
 ���

� , sólgeislun sem endurkastast frá
jöklinum,

�
� � � , heildarjarðgeislun,

�
� ,
���

, varmaþættir frá hlýju og röku lofti sem berst inn yfir jökulinn,
� �

�
�
,

orka til upphitunar yfirborðslags,
� <

, heildarorka til leysingar, � ��� � , heildargeislun.

Mean specific mass balance

We compute the mean specific mass balance (
��<

)
with an interpolation scheme that has been especially
designed for this purpose. With this interpolation
scheme vertical gradients are taken into account, even
when the evaluation sites do not resolve changes in
altitude. For each grid point of the DEM we deter-
mine the

	
� closest evaluation sites that do not differ

more than 500 m in altitude from the grid point. Then,
because of the limited height differences, a linear rela-
tion between mass balance and altitude can be found
for the

	
� evaluation points. With this relation the

mass balance at the altitude of the gridpoint is calcu-
lated. In order to avoid discontinuities in the resulting

mass balance field, the contribution of each evalua-
tion point is weighted with the inverse of its distance
to the grid point. The algorithm works best when for
all parts of the ice cap, the entire altitudinal range is
represented by the evaluation points. In order to ful-
fill this condition we use 128 evaluation points, and
with

	
� = 6 good results are obtained. Figure 8 shows

the annual precipitation and
�

, interpolated over the
whole ice cap and averaged over the period 1965–
1999. Clearly most precipitation falls in the south
and southeast, which is due to predominant southerly
to easterly wind direction. Most precipitation falls
on top of Öræfajökull, the highest part of Vatnajök-
ull which lies in the south: almost 9 m w.e. annually.
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Figure 8. Modeled annual precipitation (top plot) and annual mass balance (bottom plot), averaged over the pe-
riod 1965–1999. Both quantities are given in m w.e. – Reiknað meðaltal ársúrkomu (efri mynd) og ársafkomu
(neðri mynd) áranna 1965–1999 í m vatnsgildis.
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The outlet glaciers in the south and southeast also re-
ceive more precipitation than the ablation areas in the
north and northwest, even though the latter are situ-
ated on higher grounds. Consequently, the Equilib-
rium Line Altitude (ELA) in the south and southeast
is lower than in the northwest (Figure 8). The ELA
ranges from about 1000 m at some locations in the
south and southeast to over 1400 m on Dyngjujökull
and Köldukvíslarjökull in the northwest. The accu-
mulation area ratio of Vatnajökull is found to be 64%.

Figure 9 shows the simulated mean specific mass
balance of the northwestern drainage basins of Vatna-
jökull as a function of time. The winter mass bal-
ance has slightly increased between 1965 and 2000,
whereas the summer mass balance has decreased. As
a result the annual

��<
decreased from slightly posi-

tive in the 1970s to near-neutral in the 1990s (changes
in glacier surface not taken into account). In general,
fluctuations in winter and summer balance are more
or less equally large. Interestingly, the most extreme
positive and negative annual values both occur in the
early 1990s and are both due to summer conditions. In
1991 the summer was exceptionally sunny and warm,
whereas in 1992 the summer was cool with consider-
able snowfall in June and August (Björnsson et al.,
1998a). The model reproduces

� <
over the years

1993 to 1999 fairly well (we estimate the uncertainty
in the measured

� <
to be 0.25 m w.e.) The effect

of the albedo lowering due to the volcanic eruption
of November 1996 is adequately simulated: without
the additional lowering of the snow albedo during the
summer of 1997, the simulated mass balance would
have been considerably too high. Table 4 displays
correlation coefficients between observed and mod-
eled

� <
for all drainage basins where

�
has been

measured. In general the correlations are good, al-
though for the winter mass balance the correlations
are low for some drainage basins. This is obviously
caused by the distribution of precipitation over Vatna-
jökull, which varies from year to year, whereas we
use a fixed distribution of precipitation. Vatnajökull is
sufficiently high and large to act as a topographic bar-
rier, so the distribution of precipitation depends upon
the large-scale atmospheric circulation.

Figure 9. Observed (thick solid lines) and recon-
structed (dashed lines) mean specific mass balance
for the northwestern part of Vatnajökull (formed by
the drainage basins Tungnaárjökull, Köldukvíslarjök-
ull, Dyngjujökull and Brúarjökull). Shown are the
winter balance (crosses), the summer balance (open
circles) and the annual balance (solid squares). The
thin solid lines are smoothed curves. – Mæld (þykk
lína) og reiknuð (brotin lína) afkoma á norðvestur-
hluta Vatnajökuls; vetrarafkoma (krossar), sumaraf-
koma (opnir hringir), ársafkoma (svartir ferningar);
þunnar heildregnar línur sýna meðaltöl.

THE SENSITIVITY OF VATNAJÖKULL
TO CLIMATIC CHANGE

We compute the sensitivity of
� <

to a change in a
variable � as (Oerlemans, 1996):

��� ����� < ��� � ��� � < � � � � � � � � < � � � � � � 3 ��� � �
(8)

where � � is the change in variable � . We compute the
sensitivity to changes in the two most important atmo-
spheric variables, temperature ( �*4 = 1K) and precip-
itation ( � � = 10%). We perturb these variables over
the period 1965–1999 and then compute the average
change in

� <
over this period. Table 5 shows

�
	
and���

for different parts of Vatnajökull. Most obviously,
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Table 4. Correlation coefficients between observed and modeled mean specific mass balance for the drainage
basins where the mass balance has been measured. – Fylgni mældrar og reiknaðrar afkomu á nokkrum vatna-
svæðum.

Region Area (km
�

) Winter Summer Annual
Tungnaárjökull 491 0.86 0.81 0.93
Köldukvíslarjökull 330 0.65 0.89 0.98
Dyngjujökull 1239 0.77 0.92 0.96
western Brúarjökull 956 0.68 0.82 0.95
eastern Brúarjökull 780 0.65 0.90 0.97
Eyjabakkajökull 121 0.42 0.76 0.86

� 	
varies strongly over Vatnajökull (third column).

In regions with high precipitation in the south and east� 	
is, depending on hypsometry, up to 70% higher

than in the drier regions in the northwest. The same
relation has been observed for a set of climatologi-
cally very different glaciers (Oerlemans and Fortuin,
1992) and our results fit well in this picture:

� 	
is

almost -0.8 m w.e./K for glaciers with high precipita-
tion and about -0.50 m w.e./K for drier glaciers. Thus,
the precipitation gradients over Vatnajökull cause the
sensitivity to temperature changes to vary consider-
ably over the ice cap. Differences in precipitation also
result in differences in

� �
, but this sensitivity varies

less over Vatnajökull.
Under the influence of increasing concentrations

of greenhouse gases in the atmosphere, an annual tem-
perature increase of about 0.3 K per decade is ex-
pected for Iceland in the next decades (Houghton et
al., 1996). For Vatnajökull an external temperature
increase of 1 K implies a decrease of

� <
with 0.71

m w.e. When we add an increase in precipitation of
5.3% for a warming of 1 K (Huybrechts et al., 1991),
the decrease is smaller but still 0.56 m w.e.

DISCUSSION AND CONCLUSIONS
We have presented a mass balance model for Vatna-
jökull which has been calibrated with an exten-
sive data set. This made it possible to study differ-
ences between the free atmosphere and the katabatic
layer. The calibration of the parameterization for

� �
�

demonstrated that over Vatnajökull,
� �
� is better de-

scribed as a function of 4 : � < and e : � < than as a func-
tion of 4 : and e : . This is a consequence of the mod-
erate size of Vatnajökull, which allows advection of
relatively warm air over the ice cap. This air strongly
determines

� �
� , as the katabatic layer is not very thick.

Nevertheless, the katabatic layer is well enough devel-
oped for 40: to deviate significantly from 4 : � < . The
model presented in this paper uses the bulk method to
compute the turbulent fluxes, which requires temper-
ature, humidity and windspeed at the 2 m level. This
means that it is important to make a distinction be-
tween these variables in the free atmosphere and in
the katabatic surface layer. Most importantly, 4 : dif-
fers from 4 : � < , such that the sensitivity �*4 : � �*4 : � < is
smaller than 1 (Table 1). If 4 : were not explicitly cal-
culated but simply set equal to 4 : � < ( � 4 : � �*4 : � < =1),
using the bulk method would result in a value of

� 	
that is too high. The over-estimation of

�
	
in such

a case is large: about 70%, which is much larger than
Greuell and Böhm (1998) found for the Pasterze in the
Austrian Alps (22%). Other mass balance models that
are based upon a calculation of the energy balance of-
ten use a simplification of the bulk method (e.g. Oer-
lemans, 1992, Van de Wal and Oerlemans, 1994):�

�
� � � 4 � 4 � � (9)

where
�

is the transfer coefficient, 4 is the air tem-
perature and 4 � is the surface temperature. These
models use the temperature in the free atmosphere
( 40: � < ) for 4 in equation 9 and do not require 4=: .
For

� � �
�
�2� 4&: � < � 4 � � we find values of 3.5–5
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Table 5. Static sensitivities of the mean specific mass balance of various parts of Vatnajökull to changes in
free atmospheric temperature and precipitation. All quantities are given as the mean during the period 1965 to
1999. – Metin breyting í afkomu á ýmsum hlutum Vatnajökuls við einnar gráðu hlýnun (

� 	
) og 10% aukningu

í úrkomu (
� �

).

Region Area
�9< � 	

m
� �

m
(km

�

) (m) ( � � ��� � � ) (w.e./10%)
Síðujökull 514 2.7 -0.76 0.31

Tungnaárjökull 491 2.0 -0.77 0.30
Köldukvíslarjökull 330 1.7 -0.50 0.28
Dyngjujökull 1239 2.0 -0.49 0.28
W-Brúarjökull 956 2.3 -0.62 0.29
E-Brúarjökull 780 2.5 -0.73 0.30
Eyjabakkajökull 121 2.4 -0.74 0.27
Fláajökull 173 3.3 -0.73 0.32
E-Breiðamerkurjökull 631 3.0 -0.69 0.32
W-Breiðamerkurjökull 384 3.1 -0.80 0.35
E-Skeiðarárjökull 1002 3.1 -0.61 0.34
W-Skeiðarárjökull 434 2.8 -0.75 0.31
Vatnajökull 8198 2.6 -0.65 0.31

� � � �
� � #

, which is somewhat lower than the val-
ues used by Oerlemans (1992) (7

� � � �
� � #

). Other
authors (e.g., Kuhn, 1989; Braithwaite, 1995) calcu-
late C from 2 m variables and obtain values between 6
and 31

� � � �
� � #

. These values compare well with
the values that we find for

� � �
�
�2� 4 : � 4 � � and

that are two to three times as high as
�
�
�2� 4 : � < � 4 � �

(i.e. 9–13
� � � �

� � #
). So when 40: is explicitly cal-

culated in the model, the bulk method can be used, but
when only 40: � < is available and if equation 9 is used,
a correct transfer coefficient equal to

�
�
�2� 40: � < � 4 � �

should be applied.

Another difference with some other models (e.g.
Oerlemans, 1992) is the dependence of snow albedo
upon the age of surface snow. For Vatnajökull the
occurrence of summer snow fall in the accumulation
area is strongly related to temperature. Modeling the
albedo of snow as a function of snow age will in-
crease

� 	
with respect to a model with constant snow

albedo. When we use a constant mean value of 0.72
for the albedo of snow, we find that

�
	
is roughly

25% lower.

We studied the sensitivity of
� <

of Vatnajökull
to external climatic changes with the model. Meteo-
rological stations in the vicinity of Vatnajökull are all
located south of the ice cap, so we could only force the
model with data from these weather stations. This in-
troduces errors in cloudiness and precipitation, which
are not well known over Vatnajökull. Especially the
distribution of precipitation may vary from year to
year, dependent on the predominant wind direction.
In spite of this, the mean specific mass balance over
seven years could be simulated reasonably well. The
fact that Vatnajökull shapes its own precipitation gra-
dients results in strongly varying sensitivities to tem-
perature changes over the ice cap. In the south and
southeast, where the climate is more maritime,

� 	
is

higher than in the drier northwest. The variation of� 	
over Vatnajökull stresses the importance of an op-

timization procedure as that described in this work.
Even for much smaller ice caps or glaciers, the pre-
cipitation can vary considerably irrespective of alti-
tude, and this strongly affects their sensitivity to cli-
mate change.
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Figure 10. Clear-sky emissivity as a function of �
� 4 . In plot a, � and 4 of the free atmosphere are used, which

are available twice for each day. In plot b, hourly values of � and 4 at screen-height (2 m) are used. In both
plots fits of equation 11 to the data are shown (solid lines), and in plot b a fit of equation 11 with a theoretical
acceptable value of 9 for

�
is also shown (dotted line). – Geislunarstuðull frá andrúmslofti við heiðan himinn

sem fall af hlutfalli gufuþrýstings og lofthita ( �
� 4 ).

APPENDIX: Parameterization for the
incoming longwave radiation

The incoming longwave radiation is given by:�(�
�
� ��� ; � ��� � 	�� �0��� � ; 	�� 3�� ���74
	: � < ��

�
�

(10)

where
� ; � is the emissivity of a clear sky,

	
the

cloudiness, � a constant (integer),
�*� ; the emissivity

of clouds, � the Stefan-Boltzmann constant,

�
�

the
longwave radiation received from surrounding upper-
hemisphere slopes and � � a constant that is estimated
from the DEM for each measurement site. The emis-
sivity of a clear sky is written as

� ; � � � � ����� � �
� : � < � 40: � < � # � < (11)

where
�

and
�

are constants. The integer
�

is theoret-
ically expected to be not smaller than 7 (Konzelmann
et al., 1994). For all stations 4 : � < and e : � < are ob-
tained from the radio soundings that were made twice

a day near station U2. By doing so we assume that
the atmospheric profiles above U2 are also valid for
the rest of Vatnajökull. The parameterization contains
four constants (

�
,
�

,
� ; � and � ) that need to be tuned

to the data. First,
�

and
�

are determined by fitting the
parameterization to the clear-sky (

	
=0) measurements

of
���
� . We use the hourly mean values of

�$�
� that are

closest in time to the radio soundings. For all stations
we find comparable values of

�
and

�
, with mean val-

ues of 0.438 and 9, respectively (Figure 10a). This
shows that the assumption of a horizontally homoge-
neous atmosphere is justified. The residual standard
deviation for

� ; � is 0.022. The value of
�

compares
well with those found by Konzelmann et al. (1994),
0.443, and by Greuell et al. (1997), 0.475 and 0.407.

The value of
�

is, as theoretically expected, larger
than 7. Konzelmann et al. (1994), who used 4 : and

� : and not 4 : � < and e : � < in their calculations, found
a value of 8 for a location near the equilibrium line
of the Greenland ice sheet. There, 4 : and e : obvi-
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ously describe the state of that part of the boundary-
layer that generates

���
� . The Greenland ice sheet is

so large that advection of relatively warm air from ice
free areas does not affect

� �
� . Greuell et al. (1997)

also used 40: and e : and found that a value of 8 for m
is suitable for a site high in the accumulation area of
the Pasterze (Austria). On the tongue of that glacier,
however, it was not and they noted that this was pre-
sumably caused by the shallow katabatic layer over
the tongue. We find the same for Vatnajökull when 4 :
and e : are used in the equations 10 and 11 in stead
of 4 : � < and e : � < (Figure 10b). We then find a value
of 2 for m (with a residual standard deviation for

� ; �
of 0.028), which is not acceptable from a theoretical
point of view (Konzelmann et al., 1994). However, in
this case a more realistic value of 9 correspond less
well to the data (residual standard deviation for

� ; �
is 0.035). This means that the katabatic layer over
Vatnajökull is generally not thick enough to influence� �
� and that relatively warm air above the katabatic

layer plays a larger role.
When an expression for

� ; � is available,
�*� ; can

be determined by fitting the parameterization to data
that were measured when the sky was entirely over-
cast (

	
=1). The values that we find for the different

stations lie between 0.937 and 0.958 and do not dis-
play any variation with altitude. We therefore use the
mean value of 0.952 henceforth. This value is in line
with those found by Konzelmann et al. (1994), 0.952,
and by Greuell et al. (1997), 0.976. Next, � is deter-
mined from the data for which 0<

	
<1 (for

	
=0 and	

=1, p has no influence). For all stations the same
value is found, namely 3, except for R5 where it has a
value of 4. For this station, however, only few data are
available. We therefore use a value of 3 throughout.
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ÁGRIP
Reiknilíkan af afkomu Vatnajökuls

Mæligögn um orkubúskap í sex sjálfvirkum veður-
stöðvum og afkomu Vatnajökuls frá 1995–1996 eru
notuð til þess að stilla af líkön sem lýsa afkomu hans
með veðurþáttum frá veðurstöðvum utan jökulsins.
Líkanið er síðan notað til þess að líkja eftir afkomu
áranna 1965 til 1999 eftir mældu hitastigi og úrkomu
á Kirkjubæjarklaustri. Líkanið bendir til þess að við
hlýnun um 1

�

C, sem fylgdi 5,3% aukning í úrkomu,
myndi afkoma Vatnajökuls rýrna um 0,56 m að vatns-
gildi, jafndreift yfir jökulinn.
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