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Abstract 
 
The climatic factors affecting on the snow accumulation on the glaciers in Northern Iceland have been discussed 

but studies done on that topic on the area are limited. The earlier studies have used precipitation maps from 

1970s and made an assumption that the precipitation combined with the temperatures observed in the summer is 

not adequate to explain the existence of these glaciers. Therefore it has been assumed that the wind is an 

important factor drifting snow onto the locations of the glaciers. 

 

The wind and precipitation data from the permanent lowland weather stations around the study area support the 

assumption of snowdrift increasing the accumulation at the locations of the glaciers. The glaciers in the central 

Northern Iceland are located on the northern slopes of the mountains. The wind, especially the cases with wind 

combined with snow fall occur from the northern direction. That is ideal to accumulate snow on the glaciers. 

 

For this study measurements of snow accumulation were done on four cirque glaciers on the Tröllaskagi- and 

Flateyjarskagi- peninsulas in the central Northern Iceland during the winter 2002-2003. The observations have 

been compared with precipitation results from an atmospheric modeling system MM5 and a degree-day model 

MBT to find out whether the precipitation on the glaciers is sufficient to explain the measured snow 

accumulation. 

 

The results from the MM5 precipitation simulation for a  52 days study period in the autumn 2002 surprisingly 

indicate about 200 kg/m2 more accumulated precipitation on Kambsjökull- glacier than what was measured on 

the field. The snow accumulation gradients versus altitude on the four study glaciers were observed to differ 

from each others even by a factor of seven. 

 

The calculations of the mass transfer processes on the snow surface on the study glaciers suggest that during the 

average wind condition on the study area (8.2 m/s) accumulation/erosion of drifting snow and condensation on 

the  surface  are  the  main  factors  affecting  on  the  snow  accumulation  (both  about  0.7  kg/m2 per day). With 

stronger winds accumulation/erosion of drifting snow becomes an more important factor (~26 kg/m2 per day 

with 18 m/s wind). The rate of sublimation from the drifting particles is about 40 % of the rate of 

erosion/accumulation in this range of wind speeds. 

 

The difference between the MM5 simulation and the observed accumulated precipitation on Kambsjökull- 

glacier rises a question that maybe the snowdrift is not as important for the existence of the glaciers as was 

assumed before. The amount of sublimation estimated for the study period of 52 days is 116 kg/m2. This may 

partly explain the difference. 

 

One of the most difficult parameters to estimate locally is wind. The varying local wind field transports big 

amounts of snow on the glacier in varying directions explaining the differences observed on the accumulation 
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gradients. Without continuous in situ observations of the weather the conditions affecting on the snow 

accumulation are impossible to study accurately. 

 

It is obvious that the precipitation maps used before underestimate the precipitation on the study glaciers which 

are located higher on the mountains. After all the snow drift is an important factor redistributing snow on the 

study area and affecting the mass balance of the study glaciers. 
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1 Introduction 
 

Glaciers are strongly affected by changes in the climate. Direct mass balance studies on glaciers give 

information about their present state, but advanced methods can also track into the past history. The mass 

balance is defined as the sum of annual accumulation and ablation of mass of a glacier. It simply tells 

whether the mass of the glacier is increasing or decreasing. 

 

Understanding of the processes affecting on the glacier mass balance is inevitable to understand the 

interaction between the glaciations and the climate, and to make further scenarios of the state of the 

glaciers. The balance is not just affected by the amount of snow falling in the winter and melting in the 

summer season, but also the transport of snow by wind, sublimation and evaporation may be important. 

 

The impact of snowdrift1 on the formation of glaciers in mountainous regions has been generally 

discussed and accepted (Male, 1980). The snow transported by wind is accumulating on the lee sides of 

mountains and other surfaces with decreasing wind speed. Also avalanches cause snow accumulation that 

may be considerably higher than the average precipitation in an area. The contribution of sublimation and 

evaporation on a mass balance has been less studied. Bruland and Liston (2004) concluded in their mass 

balance studies in Central Norway that 27% of the accumulated precipitation was removed from the 

glacier by sublimation. These are important factors to consider affecting the initiation and maintenance of 

glaciations in addition to the amount of snowfall and melting. 

 

Glaciers are a prominent element in the Icelandic landscape and nature. An overview on Northern Iceland 

shows that glaciers occur more frequently on the northern slopes and cirques of the mountains there 

(Appendix 1). There has been an open question whether the winter precipitation (Figure 1.1) at the 

locations of the glaciers in Northern Iceland is sufficient to keep up with the summer ablation in the warm 

climate  of  the  area  (Jun-Aug  average  temperature  at  sea  level  9.5 C2), and what is the contribution of 

snowdrift and the other factors in the mass balance of the glaciers. 

 

                                                        
1 Snowdrift refers to the snow that has been accumulated on the surface. 
  Snow drift refers to the snow that is being transported by wind. 
2 Akureyri giving data for a period 1949-2002, Hraun á Skaga and Nautabu for 1956-2002. 
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Figure 1.2 Mean sea level pressure (1948-2002) on 
the North Atlantic (Climate Diagnostics Center, 
2003). Iceland is colored red. 

1.1 Climate of Iceland 

 

Iceland  is  situated  near  the  border  of  warm  and  

cold ocean currents. The warm North Atlantic 

Current passes northeastwards on its southern 

coast and one of its branches, the Irminger 

Current, encircles the south, west and north coasts. 

On the other hand a branch of the cold East 

Greenland Current, known as the East Iceland 

Current, flows in a southerly and southeasterly 

direction along the east cost. The oceanographic 

conditions influence weather and the climate on 

Iceland considerably. 
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Figure 1.1 Average distribution of precipitation on Iceland (1931-1960) (Eythorsson and Sigtryggsson, 1971) 
and the ocean currents affecting the climate on Iceland. 
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Figure 1.3 Annual mean temperature at Akureyri 
for the years 1931-2004. 

The extent of the sea ice flow varies from year to year. Under normal conditions the main ice edge does 

not reach the cost of Iceland, whereas in severe ice years the ice may be carried even westwards along the 

south  cost.  When  the  sea  ice  is  present  near  or  at  the  coasts  the  temperature  of  the  coastal  region  falls  

appreciably, effecting then also on the mass balance of glaciers (Einarsson, 1984); (Geist et al., 2000). 

 

According to the description of the climate on Iceland (Einarsson, 1984; Eythorsson and Sigtryggsson, 

1971) the frontal zone of the warm tropical and the cold polar air masses lies over the North Atlantic. 

Precipitation and strong winds, and rapid changes in weather brought by the traveling cyclones formed on 

the front characterize the climate on Iceland. The annual mean pressure field is dominated by the 

Icelandic low (Fig.1.2) which lies southwest from Iceland. This gives easterly surface winds in Iceland. 

 

A large part of precipitation in Iceland falls with winds that come from southeast. That happens when a 

cyclone coming from southwest reaches Iceland. The annual precipitation is distributed accordingly 

(Einarsson, 1984). The influence of topography is clearly seen on the precipitation map (Fig.1.1). Autumn 

and early winter represents the season of greatest precipitation in most of Iceland, with a maximum 

usually occurring in October. May and June are the driest months of the year. 

 

Iceland presents an environment that is in many 

respects very sensitive to climatic changes. Colder 

and warmer periods can clearly be seen in the 

meteorological and glaciological data from the last 

decades (Fig. 1.3). The climatic changes can also be 

noticed in the Icelandic sagas, the traditional stories 

from the old times. The last colder periods occurred 

during the years 1966-1971 and around the year 

1980. In the beginning of the 21st century relatively 

high annual mean temperatures have been recorded 

indicating a warmer period in the temperature 

cycle. 
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Figure 1.4 The study area for this project, Tröllaskagi and 
Flateyjarskagi. The study glaciers and weather stations giving 
source data are marked with red and yellow circles 
respectively. 

1.2 Study area 
 

Tröllaskagi and Flateyjarskagi are peninsulas in the central Northern Iceland (Figure 1.4). The 

mountainous peninsulas are limited to Skagafjörður -fjord in west, Skjálfandi -fjord in east having 

Eyjafjörður  -fjord  in  between.  Long,  deep  valleys,  that  are  typical  for  the  landscape  of  the  area,  lie  

between mountains that reach up to a height of 1200-1500 meters. 

 

There are approximately 250 small 

valley and cirque glaciers on the 

Tröllaskagi and Flateyjarskagi 

peninsulas (Geist et al., 2000). The 

glaciers  are  located  at  the  heads  and  

cirques of the valleys. The common 

pattern on the area is to have the glaciers 

facing north. The glaciers are small in 

their dimensions. The area of most of 

the glaciers is less than 1 km2,  and  the  

total area of the glaciers on Tröllaskagi 

alone is about 50 km2 (Björnsson, 1979). 

The margin of the glaciers goes down to 

the altitude of around 700-900 m a.s.l. 

The equilibrium lines on the glaciers lie 

approximately at an altitude of 1000 

meters (Björnsson, 1971; Björnsson, 1979). Four of the small cirque glaciers have been under 

consideration  in  this  thesis.  The  glaciers  are  Kambsjökull– glacier on Flateyjarskagi– peninsula and 

Glúfurárjökull–, Hálsjökull– and Bægisárjökull– glaciers on Tröllaskagi– peninsula (Fig.1.4 and 

Appendix 1-2). 
 

1.3 Earlier studies on the site and on the topic 
 

A research group from the University of Innsbruck in Austria has been doing paleoclimatic and glacier 

history studies in Northern-Iceland since 1994 and sea-ice – climate – glacier interaction studies since 
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year 2000. Under the latter project accumulation and ablation measurements have been carried out on 

Gljúfurárjökull–, Hálsjökull– and Bægisárjökull– glaciers (Stötter, 2004). The results are used to calibrate 

a local climate-glacier model using summer temperature and winter precipitation data in the area. The 

model is built to evaluate changes in the Holocene climate conditions in the study area. The field work for 

this thesis was done partly in co-operation with the Austrian research group. 

 

During the years 1967-1968 studies on glacial hydrology, micrometeorology and geomorphology were 

carried out in Bægisárjökull– glacier. The net mass balance for Bægisárjökull– glacier was found to be 

slightly positive or zero. Even though the mass balance varied considerably since the glacier maximum in 

the middle of the 19th century, the glacier had been continuously retreating. The rate of recession had been 

decreasing during the years before the investigation (1967-1968) due to colder summers (Björnsson 

1971). It was also found out that the local climate on Bægisárjokull– glacier was strongly affected by 

mesometeorological climate. Björnsson (1971) concluded that the weather data from the permanent 

weather stations in lowlands could be used for studies considering the glacier mass balance. 

 

Differential GPS measurements together with snow pits and snow depth probings were done on 

Kambsjökull– glacier for surface mapping purposes by Tómas Jóhannesson and Javier Tellaeche 

Campamelós since autumn 2002. Part of the field data for this thesis was collected in co-operation with 

that project. 

 

Jaedicke (2001) studied the influence of drifting snow on glaciers in Svalbard. According to his results 

the winter precipitation is not enough to explain the present accumulation on the studied glaciers. Erosion 

and accumulation of snow on a partly glaciated area were simulated with a meteorological mesoscale 

model coupled to a snow drift model. The simulated accumulation areas matched well with the glacier 

locations suggesting that snowdrift is an important factor on the glacier mass balance (Jaedicke, 2001). 

Those results were the inspiring force for the start of this master thesis project based on studies in 

Northern Iceland. 
 

1.4 Aims of this study 
 
In this master thesis project the factors affecting the mass balance of glaciers in Northern Iceland are 

studied. The snow accumulation was measured on four glaciers. The results were compared with the 

precipitation estimations obtained from a previously used precipitation map (Eythorsson and 
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Sigtryggsson, 1971), a degree-day mass-balance model (MBT) and an atmospheric model MM5 (National 

Centre  for  Atmospheric  Research  (NCAR)  /  Pennsylvania  State  University).  A  method  to  estimate  an  

average  snow  accumulation  on  a  glacier  by  using  differential  GPS  is  used  to  be  compared  with  the  

traditional snow depth probing and snow pit methods. 

 

The sources giving the precipitation estimates do not take the snow drift or any other mass transfer 

processes into account. Consequently the quantities of the mass transfer processes were estimated in the 

present study. Since there were no meteorological observations in the study glaciers, meteorological data 

from lowland weather stations were applied to the altitude of the glaciers. The influence of the altitude 

change on the parameters was taken into the account. 

 

The By these means the contribution of snow drift, evaporation/ condensation and sublimation from the 

drifting particles are estimated for study periods of different lengths and with different wind conditions. 

The observed differences of the snow accumulation gradients versus altitude are discussed. The results 

are used to evaluate the critical factors affecting on the glaciations of the area. 

 

The results of this thesis has been presented in Geophysical Research Abstracts (Halkola et al., 2005). 
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Figure 2.1 Definition of mass balance terms (Paterson, 1994). 

2 Theory connected to mass balance studies on glaciers 
 

The glaciers studied for this thesis are decreasing in their mass (Lippert et al., 2004). The mass balance of 

a  glacier  is  the  annual  change  of  its  mass,  i.e.  the  mass  balance  of  the  study  glaciers  is  negative.  The  

changes are connected to climatic fluctuations and further cause changes in the complex flow system of 

the glacier and finally result in variations of the position of the glacier front. A glacier responds slowly to 

the changes in the mass balance (Jóhannesson et al., 1989). It can still be advancing or retreating many 

years after the supporting mass balance conditions have changed. 

 

The thickness of snow is usually at its maximum in late spring or early summer and at its minimum in late 

summer. In Figure 2.1 the two successive minimums are marked t1 and t2, and the time between is called a 

balance year. The balance year can be divided into winter and summer seasons separated by the moment 

when the net balance, sum of accumulation and ablation, is at its maximum. This maximum is called the 

winter balance and the reduction of mass in the summer is called the summer balance. In this study 

mainly the winter balance is under consideration. There are times when snow is still accumulating in the 

higher parts of the glacier while the ablation has already started in the lower parts of the glacier. The mass 

balance for any moment is the algebraic sum of the accumulation and ablation since the beginning of the 

balance year, in other words the change in mass per unit area (kg/m2).  The  altitude  that  divides  the  

accumulation area (the area where the mass balance is positive) from the ablation area (the area where the 

mass balance is negative) at the end of the year is called equilibrium line (ELA). 

 

The average net balance nb  (kg/m2) is a 

good parameter to estimate the change 

of a whole glacier during a year. 

 

SBb nn /    (2.1) 

 

where S is the area of the glacier and Bn 

is change of mass for the whole area. As 

pointed out earlier, the balance year is 

not exactly same in different parts of a 

glacier. Thus the mass balance 

measurements should be made different 
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dates in different parts of the glacier, which is usually not done in practice. A simple way to get an 

estimate of the state of glacier is to count the accumulation area- ratio, which is the ratio between 

accumulation area and the total area of the glacier. As a rule of thumb, ratio of 0.7 refers usually to a net 

mass balance of zero (Paterson, 1994).  

 

The main factor affecting on the accumulation is snowfall, but also wind transporting snow to the glacier, 

avalanches, rime formation and freezing of rain within the snow pack are important in terms of increasing 

the mass of the glacier. Ablation includes all the factors decreasing the mass of a glacier. These are 

evaporation, sublimation, snow drift removing snow from the glacier and melting of snow/ice followed 

by melt water runoff. If the melt water refreezes at another part of the glacier it is not ablation because no 

mass is lost from the glacier. Melting that happens at the bottom of the glacier is usually negligible 

compared to the surface ablation. 

 

In this study the amount of snow accumulation is expressed as mass per square meter (kg/m2). The value 

equals to the often-used quantity of water equivalent given in millimetres. 

 

2.1 Precipitation and snow accumulation 
 

Precipitation is the most important factor affecting the accumulation of snow on a glacier. Still according 

to Sugden and John (1976) the annual precipitation maps are poor indicators for areas of glaciations. The 

air temperature largely determines whether the precipitation falls as snow or rain and whether the snow is 

retained as snow. The threshold value between liquid and solid precipitation varies spatially. Ólafsson and 

Haraldsdóttir (2003) observed the threshold temperature decreasing towards the highlands in the central 

Iceland (Appendix 3). That is caused by the increase of relative humidity with altitude. According to 

Tricart (1969) even using maps of annual total snowfall or number of days with snowfall for locating 

glacierization areas is not satisfying. The accumulated precipitation depends on the interaction of several 

other variables. However Humlum (1998) connects precipitation and temperature to the glaciations as 

shown on Figure 2.2. The area above the dark dash line is potential for glaciations and area below is the 

periglacial zone. 

 



2. THEORY 

 16

 
Figure 2.3 Ratio between the precipitation on a mountain 
ridge and in the lowlands on Reykjanes in Southwest 
Iceland versus wind speed showing that with strong wind 
(12 m/s) the precipitation at 500 m a.s.l. is up to seven 
times higher compared to the precipitation in lowlands. 
The precipitation ratio is defined between mountain 
stations ~500 m a.s.l. and the lowland stations up- and 
downstream in respect to the wind direction separately. 
The wind speed is measured on the mountains (de Vires, 
2004). 

Figure 2.2 70 modern glaciers plotted according to the mean summer air temperature (average of three 
warmest months) and annual precipitation. The dark dashed line is the polynomial fit for the equilibrium 
lines of the glaciers separating the potential glaciation area from the periglacial zone ((Humlum, 1998). The 
the weather conditions of the study glaciers and Halti- fjeld in Norther Finland are plotted on the figure with 
red spots. 

 

2.1.1 Precipitation gradients 
 

Moist  air  mass  that  is  forced  to  rise  causes  

increase in precipitation on the windward side 

of the mountains basically because the relative 

humidity increases due to the temperature 

decrease. The precipitation gradient related to 

the altitude depends among the others on the 

strength and direction of wind and the moisture 

content of the air mass. De Vires (2004) 

presents that with strong wind speeds the 

precipitation at around 500 m a.s.l is up to 

seven times higher compared to the lowland 

station upstream with respect to the wind 

STUDY GLACIERS
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direction on Reykjanes in the Southwest Iceland (Figure 2.3 and 3.1). With strong In Norway the 

precipitation is observed to increase by about 30% per 100 m on the western coast in contrast to the 10% 

increase per 100 m on the mountains in central Norway (Förland, 1979).  

 

The precipitation gradient might be even negative above a particular altitude. That has been observed for 

example in middle Himalayan range during winter and pre-monsoon seasons (Singh and Singh, 2001). 

The reason can be that the cold air in the higher altitudes cannot hold and transport much moisture in it, or 

that the area is above the snow-bearing weather systems. Also the horizontal distance to the moisture 

source is an important factor (Benn and Evans, 1998). The precipitation gradient has been observed to 

vary by a factor of up to 9 on the Himalayas depending on the direction of the slope and the season (Singh 

and Singh, 2001). For instance precipitation gradients on the middle Himalayan range vary from 

13mm/100m on the lee side to 106mm/100m on the windward side of the range (Singh and Singh, 2001). 

For the northern slopes of the Alps Witmer et al. (1986) reports precipitation gradient of 730mm/100m. 

 

2.2 Turbulence of an atmosphere 
 

The vertical transfer of heat and water vapor on the surface depends on the stability and turbulence in the 

air above. The vertical flux of horizontal momentum can be expressed in terms of shear stress (Eq. 2.2, 

for example in Paterson (1994)), 

 

z
uKm           (2.2) 

 

where Km is the eddy viscosity describing the strength of the transfer process,  the density of the air and 

u the wind speed at height z. The coefficient depends on the character of the flow rather than the 

properties of the fluid. Thus it has to be determined separately for each case of a study. In addition it 

varies with the height from the surface. In an atmosphere that is neutral or near neutral (the temperature 

gradient is close to the dry adiabatic lapse rate, 0.65 C/ 100m), 

 

zkuKm 0*          (2.3) 

 

where u* is the friction velocity defined as, 
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*u          (2.4) 

 

In an neutral or near neutral atmosphere, 

 

)/ln( 0
* zz

uu
r

r         (2.5) 

 

ur is the wind speed at a reference height zr and  is von Kármán’s constant with a value of 0.4. z0 is a 

surface roughness parameter. The roughness of a surface can be calculated if there is wind speed available 

at least on two heights above the surface (Eq. 2.6). Some experimental values for the roughness length are 

given in the Table 2.1. 

 

21

1221
0

lnln)ln(
uu

zuzuz        (2.6) 

 

Table 2.1 Some values of the roughness length for different surface types. 

 
 

 

 

 

 

 

 

 

 

 

Liston and Sturm (1998) defined that the roughness length can be derived from the friction velocity as 

g
uz
2

12.0
2
*

0          (2.7) 

 

ROUGHNESS 
LENGHT z0 (m) 

TERRAIN REFERENCE 

3 x 10-6 Plane ice Reinhold and Sill 
(1996) 

1 x 10-4 New snow (not 
melting) 

Alt (1975) 

7 x 10-4 Fine-grained 
melting snow 

Alt (1975) 

5 x 10-3 Snow surface (Singh and Singh, 
2001)01) 

1.1 x 10-2 Coarse snow with 
sastrugi 

Alt (1975) 

3 x 10-1 Short grass Monteith and 
Unsworth (1995) 

2.5 City center Reinhold and Sill 
(1996) 
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where g is the gravitational acceleration 9.81m/s2. 

 

Expressions for the friction velocity have been developed for cases when there are no wind profiles 

available. Budd et al. (1966) link the friction velocity to the wind speed at ten meters height on the 

Antarctic ice sheet as follows: 

 

5.26
10

*
uu           (2.8) 

 

where u10 is the wind speed at ten meters height. 

 

 

The fluxes of heat (Eq. 2.9) and water vapor (Eq. 2.10) can be determined similarly. 

 

z
TcKH ph         (2.9) 

 

z
mKE w          (2.10) 

 

Kh and Kw are the eddy diffusivity for heat and water vapor respectively, cp is the specific heat capacity at 

constant pressure, 
z
T

 and
z
m

 are the change of temperature and mass of water vapour per unit volume 

with height respectively. It is observed that in an atmosphere that is neutral or near neutral the three eddy 

coefficients are approximately equal at a given height. Then the wind speed, temperature and vapor 

pressure vary logarithmically with height. The fluxes on the surface are assumed to be equal to the fluxes 

measured in the air close to the surface (Paterson, 1994). 

 

The assumption of neutral atmospheric stability, that is the case with strong winds and modest heating or 

cooling of the surface by radiation, causes an underestimation of condensation on a snow surface in stable 

atmospheric conditions. 
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Table 2.2 The parameters used for TMBT 

computation for Kambsjökull- glacier for the 

study year 2002-2003 in this project. 

Parameter Name Value Unit 
Snow/rain threshold Tsn 1.0 C 
Rain-correction factor Rko 1.32 1 
Snow-correction 
factor Sko 2 1 

Degree-day factor for 
snow Dds 0.0055 m w.e. 

C-1d-1 

Degree-day factor for 
ice Ddi 0.0075 m w.e. 

C-1d-1 

Snow thickness used 
in degree-day 
computations 

Sis 0.3 m w.e. 

Refreezing ratio Rfr 0.07 1 
Temperature lapse 
rate Grt 0.65 C/100m 

Precipitation-
correction factor Pko 2 1 

Elevation of 
precipitation station Elp 60 m a.s.l. 

Elevation of 
temperature station Elt 580 m a.s.l. 

Starting elevation for 
precipitation gradient Elq 750 m a.s.l. 

Relative 
precipitation/elevation 
gradient 

Grp 0.07 1/100m 

 

2.3 Numerical computations of precipitation and mass balance 
 

2.3.1 Degree-day mass-balance model 
 

A glacier mass balance model MBT (Mass Balance for Temperate glaciers) is used in this thesis to 

evaluate mass balance values on the study glaciers to be compared with the mass-balance values 

measured on the field. The model is described by Jóhannesson et al (1995) and Jóhannesson (1997). It 

estimates precipitation, snow accumulation, melting of snow and ice, and refreezing on temperate 

glaciers1 as a function of elevation. As the input only daily temperature and precipitation data is needed. 

Data from remote weather stations is applied in the model to a glacier by parameterization (Table 2.2). By 

this method the changes in the stability of the 

atmosphere and turbulence caused by locally varying 

wind conditions affecting further on the surface mass 

transfer processes can not be considered (Eq. 2.2-

2.10). Neither is the transport of snow by wind taken 

into the account. Thus the MBT results may vary 

considerably from the observed mass balance values.  

 

Whether the precipitation falls as snow or rain is 

considered in the model by a snow/rain threshold 

parameter TSN (Appendix 3). The undercatch of the 

precipitation by precipitation gauges (Appendix 4) is 

corrected with the correction factors RKO and SKO 

for rain and snow respectively. For the model 

computations in this study the degree-day factors for 

snow and ice, DDS and DDI respectively defined in 

Jóhannesson et al (1995) are used. The factors were 

determined for Sátujökull- glacier in central Iceland 

by minimizing the differences between measured 

summer-balance and the model output over five 

years. SIS is a snow thickness parameter used in the degree-day computations and RFR is the refreezing 

                                                        
1 The ice of a temperate glacier is at its pressure melting point throughout except the surface layer of about ten 
meters were the winter air temperatures penetrate as a cold wave. 
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ratio defining the relative proportion of rain and melt water that is stored in the snow pack before the run-

out of melt water starts. These parameters are applied from the studies on Sátujökull as well. The 

temperature lapse rate is specified as the parameter GRT. A precipitation correction factor PKO is used to 

define precipitation at the glacier snout (the altitude ELQ) from the precipitation data at the weather 

station at the altitude ELP. The precipitation gradient and the precipitation correction for the glaciers 

studied in this project are defined by minimizing the difference between the mass-balance values 

observed on Kambsjökull on the 7th and 26th of December (possible melting eliminated) and the model 

output of precipitation for a 52 days period in autumn 2002 (Chapter 3.2.1). 

 

The time intervals for the mass-balance computations can easily be modified in the model as well as the 

elevation interval of the output. Despite of the fairly simple structure of the degree-day mass-balance 

model according to Bergström and others (1992) the results are comparable with more complicated 

energy-balance models. 

 

2.3.2 MM5 modelling system 

 
Another estimate of precipitation on the study glaciers is gained from a simulation with a mathematical 

modelling system MM5. Here the modelling system will be introduced shortly. More information can be 

found in the documentations on MM5 Community (MM5 Community, 2004). 

 

The MM5 modelling system simulates and predicts mesoscale and regional-scale atmospheric circulation. 

The  model  MM5,  The  Fifth-Generation  National  Centre  for  Atmospheric  Research  (NCAR)  /  

Pennsylvania State University Mesoscale Model, is supported by several adjunct programs to build up the 

complete MM5 modelling system (Fig. 2.5). 

 

The model is based on the primitive equations2. It is a non-hydrostatic3 model for a limited area having 

sigma levels  as the vertical coordinates4. The non-hydrostatic version makes it possible to use the 

                                                        
2 The primitive equations are the basic equations that are derived from the conservation laws of momentum, mass, 
volume and energy. 
3 Also all the vertical forces are taken into account in the primitive equations. 

4 Sigma-levels  are proportional to pressure and normalised by the surface pressure. 
ts

t

pp
pp0 , where p0 is the 

reference pressure. The top pt and surface pressures ps are constant with time. 
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model at a few- kilometres scale. It allows the user to include all the vertical force components into the 

solution. 

 

Input data needed 

The MM5 modeling system is designed for real-data studies. It requires 1) the topography and land use 

data for the study area. The system needs 2) an initial weather condition on the area as well as lateral 

boundary conditions for the entire time period of the model run. The input data is sea-level pressure, 

wind, temperature, relative humidity and geopotential height as defined at the pressure levels at 1000, 

850, 700, 500, 400, 300, 250, 200, 150 and 100 hPa. 

 

Pre- and post processing programs 

 
The Figure 2.5 shows how the programs in the MM5 

modelling system are linked together. 

 

TERRAIN is the program to start any simulation with 

MM5 modelling system. It interpolates the terrain 

height and landuse data from the regular lat-long 

intervals to the mesoscale grid by using an overlapping 

interpolation or Cressman-type analysis method (Fig. 

2.4). 

 

REGRID consists of two parts. The first part PREGRID defines the boundary and initial conditions and 

the other part REGRIDDER defines the data for a simulation period and the pressure levels for single 

domains5. The output file from REGRID has 3-dimensional meteorological fields of wind, temperature, 

relative humidity, geopotential height, and 2-dimensional fields of sea-level pressure and sea-surface 

temperature. 

                                                        
5 It is possible to have up to nine nested domains. The input for the boundaries of a smaller domain is given by the 
outer domain. 

 
Figure 2.4 The overlapping of the regular lat-
long grid with the mesoscale grid used in MM5. 
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Figure 2.5 The MM5 modelling system (MM5 
Community, 2004). 

 

INTERPF uses the meteorological data 

produced by REGRID for pressure-levels and 

interpolates it to the sigma levels that are 

defined by the user. 

 

INTERPB can be used to interpolate the data 

from sigma-levels back to pressure levels. 

 

NESTDOWN  can  be  used  to  interpolate  

model level data to a smaller grid for a new 

model simulation. 

 

Output 

The output data defining mesoscale and 

regional scale atmospheric circulation can be viewed by graphic programs RIP and GRAPH. The data can 

be seen on both pressure and sigma-levels down to a few- kilometre resolution. 

 

2.4 Wind transport of snow 
 

Male (1980) states that in the northern hemisphere on the open snow covered areas drifting snow 

conditions occurs as much as 30% of the winter months. Bruland and Liston (2004) concluded in their 

mass balance studies in Central Norway that 13% of the accumulated precipitation is removed from the 

glacier as snow drift. 

 

The particles in the snow drift originate from precipitation or they are loosen from the snow surface by 

the force of wind. The required wind speed is called the threshold wind speed ut (Figure 2.11). The force, 

shear stress   (Eq.2.2), exerted on the surface has to exceed the surface shear strength. The 

corresponding friction velocity u* (Eq.2.4) is the threshold friction velocity. 
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Creeping partic les Suspended partic les

Suspension

Height

Saltation

Wind

Creep

 
Figure 2.6 The three modes of snow drift; creep, saltation and 
suspension (Sundsbø, 1997). 

Table 2.3 Threshold wind and friction velocities for different 

snow surfaces. 

THRESHOLD 
WIND SPEED 
AT 10 M 
HEIGHT 
(m/s) 

THRESHOLD 
FRICTON 
VELOCITY 
(m/s) 

SNOW 
TYPE 

REFERENCE 

1.9 0.07 Very light 
dry Rikhter (1945) 

4.0 0.15 Dry 
uncompacted Kind (1976) 

10.6 0.40 Wind 
hardened 

Budd et al. 
(1966) 

 

The threshold wind speed ut 

characterizes the properties of the 

snow surface. The wind speed needed 

to  break  the  bonds  between  the  

crystals and to start the snow drift is 

up to 20 % higher than the threshold 

wind speed needed to maintain the 

snow drift. That is because of the 

additional forces induced on the 

surface by the drifting particles hitting 

the surface. Some typical values for 

the threshold wind speed and friction 

velocity are shown in the Table 2.3. 

 

The snow drift can be divided to three 

modes of movement that are called 

creep, saltation and turbulent diffusion 

(suspension) (Fig.2.6). 

 

 

 

2.4.1 Creep 

 

The particles that are too heavy to be lifted from the surface by the prevailing wind move in a contact to 

the surface forming migrating dunes and snow waves. These formations of snow move downwind at a 

speed related to the prevailing wind speed. According to the studies of Kobayashi (1971) the 0.05– 0.2 m 

high snow-waves move 1.2 – 6 m/h. The creeping particles compose usually a very small portion of the 

total amount of the snow drift, except the case of very low wind speed (Pomeroy and Gray, 1995). Due to 

that creep is often excluded from flux calculations. 
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2.4.2 Saltation 

 

When the shear stress exerted on the snow surface by the wind exceeds the threshold value characterizing 

the snow surface, a particle is lifted from the surface and saltation begins. The snow is moving under the 

influence of the gravitational force and an aerodynamic drag force that results from the relative velocity 

between the air and the particle. The typical trajectory of a saltating particle is shown in the Figure 2.6. 

Particles are lifted from the surface approximately in vertical direction. The aerodynamic drag force gives 

a horizontal acceleration for the particle. At some point the gravitational force exceeds the vertical 

momentum and the particle is descended towards the surface. When the particle hits the surface it gives 

energy to particles that then might be lifted upwards to continue the saltation process. Typical maximum 

height h* of saltation layer varies between 3 – 30 mm (Male, 1980), but also higher trajectories have been 

presented (Fig. 2.6). 

 

2.4.3 Suspension 

 

When  the  force  imposed  on  a  saltating  particle  by  upward-moving  air  exceeds  the  gravity  the  particle  

becomes suspended (Pomeroy and Gray, 1995). The particles in the suspension zone have a horizontal 

velocity that is approximately equal to the ambient horizontal wind. 

 

The particles in the suspension zone are supplied by the saltation layer. That means that the conditions 

need to be convenient for the saltation to allow suspension to happen. 

 

2.4.4 Total transport rate of snow 
 

The total transport rate of snow can be computed by summing up the transport in the saltation and 

suspension layers. The transport rate of snow in a saltation layer qsalt (kg/ms) is the mean mass of snow 

that is transported through a unit width perpendicular to the wind direction. Following Pomeroy and Gray 

(1990) it can be expressed as, 

 

2
*

2
**

*
tt

a
salt uuu

gu
Wq        (2.11) 
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Table 2.4 Empirical formulations for the total 
transport rate of snow drift qtot (kg/ms) )(From 
Haraldsdóttir (2004; 2001) and Jaedicke (2001)). The 
wind speed u1 and  u10 (at one and ten meters 
respectively) in the formulas is given as the numerical 
value in unit m/s. 

Model Reference 

qtot=0.000092u1
3 Mel’nik (1952) 

qtot=0.0000215u1
(3.5-0.667) Komarov (1954) 

qtot=10(0.17u
1

-3.24) Narita (1977) 

qtot=0.000077(u10-5)3 Dyunin and Kotlyakov (1980) 

qtot=u10
4.04/458800 Tabler et al. (1990) 

qtot=10(0.0887u
10

-1.8188) Budd et al. (1966) 

 

where W is an empirically defined coefficient 0.68 m/s, a is  the  air  density  (kg/m3)  and  g  is  the  

gravitational acceleration (9.81m/s2).  The  mass  concentration  in  the  saltation  layer  is  estimated  to  be  

independent of height (This is an over-simplification, but there is not more realistic description available 

(Liston and Sturm, 1998)). The definition is shown in the Appendix 5, part 5. 

 

The mass concentration in the suspension layer has its maximum just at the boundary on the saltation 

layer. The concentration decreases then with altitude depending on the wind speed. Under extreme 

conditions the suspended particles might reach heights of hundreds of meters (Male, 1980). Due to the 

thickness of the suspension layer the total mass transported may be large even if the concentration of 

snow in it is relatively small. 

 

The transport rate of snow in the turbulent-suspension layer qsusp (kg/ms) defined by Liston and Sturm 

(1998) is 

 
th

h
tsusp dzzuzq

*

)()(         (2.12) 

 
Thus, the transport rate of suspended snow is obtained by integrating the mass flux from the top of 

saltation layer h* to the top of turbulent-suspension layer ht. t(z) is the mass concentration in the 

suspension layer and is defined in the Appendix 5 in part 6. 

 

There are several empirical expressions to 

estimate the transport rate of snow drift by 

using only the wind speed as input (Table 2.4). 

Most of the authors suggest that the transport 

rate of snow increases approximately to the 

cube of the wind speed. Figure 2.7 shows that 

the difference between the results gained with 

different snow drift formulations is within 

about one order of magnitude. The variation of 

the empirical results is caused by varying 

assumptions, measuring techniques and the 

climatic and geographical conditions during the 

experiments. 
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Figure 2.7 Results from empirical snow drift formulation shown 

on table 2.4. The snow drift and sublimation calculations from the 
drifting snow in this thesis is based on the two layer model giving 
the results for the red thick line. u10=26.5*u* (Budd et al. 1966). 

 

In this study the snow transport by 

wind is estimated with a model 

(Appendix 5) based on formulations 

presented in Liston and Sturm 

(1998). Wind, temperature, relative 

humidity and vapor pressure data 

from a weather station is given into 

the model to compute the amount of 

the snow drift over the study period. 

Several constants are asked to make 

the calculations (Appendix 5, part 2). 

In part 4 the friction velocity and 

roughness length are defined by an 

iterative solution of the equations 2.4 and 2.6. The rate of snow transport in the saltation (eq 2.11) and 

suspension layers (eq 2.12) are computed in the parts 5 and 6 respectively. 

 

Empirical formulations (Table 2.4) to estimate the amount of wind transported snow are used as a 

comparison. The model computations of the amount of drifting snow made for this study are strongly 

based on the same theories and formulations as the two layer model giving the thick red line (Jaedicke, 

2001) on the Figure 2.7. 

 

2.4.5 Deposition and erosion 

 

Considering variations in the snow depth at a point it is convenient to look at a fixed control volume 

above the surface (Fig. 2.8). The volume extends from the surface (z=0) up to the top of the surface 

boundary layer (z=zb). Changes of mass in this volume lead to accumulation/erosion on the surface. 

Vertical diffusion of snow as well as the snow fluxes perpendicular to the direction of transport are 

negligible. As seen from the equation 2.12 the rate of deposition/erosion per unit area qv(x,0) (kg/m2s) 

results from changes in the horizontal transport rates of snow 
dx
dq

 in saltation and turbulent suspension 

layers, sublimation of the transported snow qsubl in the control volume and the water-equivalent 

precipitation qv on the top of the surface boundary layer. 
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Figure 2.8 A control volume above a snow 
surface to define the depositon/erosion at the 
point x (Pomeroy and Gray, 1995). 

 

   

   (2.13) 

 

 

 

Accumulation occurs when the decrease of wind 

speed or changes on the surface properties cause 

decrease in transport rates in saltation or suspension 

layers,  or  when  the  precipitation  rate  is  greater  than  

the surface erosion and the sublimation rate together 

(Jaedicke, 2001; Liston and Sturm, 1998; Pomeroy 

and Gray, 1995). The aim of this study is to estimate 

the quantities of these parameters on the study 

glaciers. 

 

 

 

 

 

2.5 Avalanches 
 
Snow crystals transported by snow drift often accumulate on the lee side of mountain ridges. These 

particles have broken their sharp edges while drifting process what makes the accumulated snowdrift 

more eager to lose touch to the underlying surface and be transported as an avalanche by gravitational 

forces. As an example a slab avalanche of 0.5 m X 50 m X 50 m consisting of snow with density of 300 

kg/m3 weighs 375*103 kg (150 kg/m2). Divided on an area of 250 m2 this corresponds to mass of 1500 

kg/m2. 

 

 

 

),()()()()0,( bvsubl
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2.6 The meteorological conditions on the study area 
 

There were no meteorological observations available for the glaciers studied for this project. Such data 

are needed to estimate the rate of snow drift, condensation, sublimation and melting of snow on the 

glaciers. To solve this problem observations from permanent lowland weather stations were applied. 

 

2.6.1 Temperature gradient 

 

When an air parcel is lifted in the atmosphere the pressure around it decreases and as a consequence the 

parcel expands. When this is done adiabatically (no energy exchange with surroundings) the energy for 

the volume increase is taken from the kinetic energy of the air molecules (conservation of energy) and the 

temperature  of  the  parcel  decreases  (dry  adiabatic  lapse  rate  ~1 C/100m). If condensation of water is 

present (non-adiabatic lifting) the process releases energy and thus the lapse rate of temperature is 

decreased. An environmental lapse rate of 0.65 C/100m is generally accepted in mountainous regions to 

extrapolate temperature to higher altitudes (Singh and Singh, 2001). 

 

2.6.2 Humidity of the air and the vapour pressure of the snow surface 

 

In this project the vapour pressure at the screen height above the surface of the study glacier is conducted 

from the vapour pressure data at a lowland weather station. It is assumed here that the mixing ratio, the 

ratio of the mass of water vapour Mw to  the mass of  dry air  Md holding the vapour stays constant with 

altitude (adiabatic lifting). For that hypotesis the cloud base must be above the altitude of the study area 

for the whole study period. The mixing ratio does not differ significantly from the specific humidity Q, 

defined as the ratio of the water vapour to the mass of moist air containing the water vapour. 
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where mw and md are the mean molecular masses of water vapour and dry air respectively, e is  the water 

vapour pressure and P the total air pressure (Arya, 1988). It is assumed that  
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Therefore the vapour pressure of air on the glacier eG is obtained from the vapour pressure at the weather 

station eS and fraction of the air pressure on the glacier PG and at the weather station PS (Eq.2.14). The 

change of the pressure with altitude is defined as follows beginning from the hydrostatic equation, 
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Where g is the gravitational acceleration (9.81m/s2), R the universal gas constant (8313 J/kmoleK) and T  

the average temperature of the air mass between the altitude of the weather station zS and the glacier zG. 

 

The vapour pressure of the snow surface is saturated. For a melting surface the saturation vapour pressure 

is 611Pa. The surface temperature variations penetrate slowly into the snowpack. Thus the surface is 

assumed to follow the temperature changes of the air above, except when the air temperature is above 0 C 

and  the  surface  is  assumed  to  stay  at  melting  temperature.  The  temperature  lapse  rate  of  0.65 C/100m 

(environmental lapse rate) is applied to obtain temperatures on the glaciers. For a freezing surface the 

saturation vapour pressure is taken from the Clausius-Clapeyron relation (Eq.16 and Figure 2.9), where  

airdry for  state ofEquation   
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Figure 2.9 Clacius-Clapeyron relation between 
saturation vapour pressure and temperature for 
ice. 

represents the specific volume of the vapour (v) and liquid (l) at the temperature T, and Lv is the specific 

latent heat of vaporization (2.849*106 J/kg for ice, 2.514*106 J/kg for water) (Singh and Singh, 2001). 
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        (2.17) 

 

(For exaple in Hartmann (1994) and Wallace and Hobbs (1977)) 

 

An approximate solution to the equation (2.17) valid around standard pressure (1013.25mb) and 

temperature (273K) is  

 

 

    (2.18) 

 

where R is the universal gas constant (461.50 

J/(K*kg). (For example in Hartmann 1994)  

 

The relative humidity is the ratio of vapor content of 

air to the saturation vapor content of air at the same 

ambient temperature (Eq. 2.18). 

 

se
eRH 100           (2.19) 

 

2.7 Evaporation/condensation and sublimation mass transfer on a 

snow surface on glaciers 
 

In the literature there is often confusion in the use of the terms evaporation and sublimation. Evaporation 

is the phase change from liquid to gas and sublimation from solid to gas without the liquid phase in 

between. The reverse processes are condensation and sublimation respectively. 
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Table 2.5 Transfer coefficient A for melting 
snow and ice surfaces (Paterson, 1994) 
SURFACE 1000A REFERENCE 

Snow 2.04 Holmgren, 1971, 
Part D 

Snow/Ice 2.0 Hogg and others, 
1982 

Snow 1.5 
Ambach and 
Kirchlechner, 
1986 

Ice 2.2 
Ambach and 
Kirchlechner, 
1986 

Ice 3.9 Hay and Fitharris, 
1988 

 

Sublimation/condensation followed by immediate freezing of vapour known as rime and surface hoar 

formation can be an important factor for a glacier mass balance. Linkletter and Warburton (1976) 

observed these factors to contribute 5-10% of the annual accumulation on the Ross Ice Shelf on the 

Antarctic. The process is likely to occur in foggy conditions (Linkletter and Warburton, 1976) and when 

the surface temperature falls below dewpoint temparature. 

 

To determine the mass transfer on a snow surface accurately instruments measuring rapid vertical 

variations in wind velocity, humidity and temperature are needed. Since there were no in situ 

meteorological measurements done on the study glaciers in this project, the data from permanent weather 

stations at lower altitudes were used to approximate the conditions on the glaciers. 

 

An estimation for the latent heat flux -LvE (W/m2) and thus the flux of water vapor E (kg/(m2s)  in  a  

neutral or near neutral atmosphere can be conducted from the equation 2.9 and 2.3 together with the 

definition of the mass of water vapour per unit volume of air (kg/m3), 

 

P
em 622.0          (2.20) 

 

            
)(2.22

/)(622.0 00

sv

svv

eeAuEL
PeeAuLEL

      (2.21) 

       

                     (2.22) 

 

 

Lv is the specific latent heat of vaporization 

(2.849*106 J/kg for sublimation, 2.514*106 J/kg for 

evaporation/condensation) (Singh and Singh, 2001), u 

is the wind speed at screen height z, e and es are 

vapour pressures in Pascals (1 mbar = 100 Pa) at 

screen height and on the surface respectively (Chapter 

2.6.2), and 0 is the density of air (1.29kg/m3) at 

standard pressure P0 (1013 hPa). Z0 is the roughness 
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length (Ch. 2.2) and  is the dimensionless von Kármán’s constant with a value of 0.4. 

 

Parameter A is called the transfer coefficient. Table 2.5 shows some published values of the parameter for 

melting snow and ice surfaces. In the table gives values in the range 1.5 to 2.04 for snow and 2.2 to 3.9 

for ice in case of vapour exchange. According to Patersson (1994) variations in roughness parameter have 

little effect on the transfer coefficient. A value 2 is used as the parameter A in the calculations of 

evaporation in this study for both melting and frozen surface. 

 

2.8 Sublimation mass transfer from drifting snow particles 
 
Bruland and Liston (2004) concluded in their mass balance studies in Central Norway that 27% of the 

accumulated precipitation is removed from the glacier by sublimation. R.A. Schmidt (1972) made a 

comprehensive investigation of the factors effecting on the sublimation of a single blowing particle. He 

concluded that even with maximum natural concentration of snow particles in a snow drift the interaction 

between the particles is not significant. Thus the sublimation rate for a column of drifting snow can be 

calculated as a sum of the sublimation from the single particles in the flow. In a column of drifting snow 

on a snow surface the area exposed for sublimation is many orders of magnitude larger on the air borne 

snow crystals compared to the snow pack surface and is thus more remarkable contributor for the water 

balance of a glacier compared to the evaporation and sublimation on the snow pack surface. The theories 

below are used to estimate sublimation from drifting snow particles. 

 

2.8.1 Factors contributing to the sublimation 

 

The sublimation starts when there is a difference in the vapor pressure between the particle surface and 

the atmosphere around (Eq. 2.23). The basis for the sublimation process (Schmidt 1972, Male 1980) is the 

heat transfer and the corresponding mass transfer on the surface of the particle (Eq. 2.24).  
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where  (dm/dt)  is  the  rate  of  loss  of  mass,  r  radius  (m).  r, ,  Tr and  T  are  the  density  of  water  vapor  

(kg/m3) and temperature (K) on the surface of the particle (r) and in the ambient air stream respectively, D 

the diffusion coefficient for water vapor in still air (2.06*10-5(T/273)1.75 m2/s (Thorpe and Mason 1966). 

Ls the latent heat of sublimation (2.849*106J/kg according to Singh and Singh (2001), k the thermal 

conductivity of the air (0.00063T+0.0673 J/(m*s*K) (Pomeroy and Gray, 1995). 

 

Re58.088.1ShNu        (2.25) 

 

Sherwood (Sh) and Nusselt (Nu) numbers are included to consider the increased sublimation caused by 

wind (Schmidt, 1972). Re is the Reynolds number (rV/ ), where V is so called ventilation velocity, a 

relative velocity between the air and the particle and  is the kinematic viscosity for air. These numbers 

are measures of the degree of the turbulent transfer. Effect of the increase of ventilation on sublimation is 

shown on Figure 2.10A according to the experiments of Thorpe and Mason (1966). 

 

Scmidt (1972, 1991) uses the equations 2.23 and 2.24 combined with the Clausius-Clapeyron equation for 

the water vapor pressure (Eq. 2.17) and the assumption about a thermodynamic equilibrium between 

snow particles. The equation (2.26) (Schmidt 1972, 1991) as the result takes also the short-wave radiation 

on the surface of the particles into the consideration. 
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where  is under-saturation at the height of the relative humidity observation, Qs the solar radiation 

absorbed by a snow particle, t the thermal conductivity of the atmosphere (0.024 J/(msK), M the 

molecular weight of water (18.01 kg/(kmol)), R the universal gas constant (8313 J/kmoleK), D diffusivity 

of water vapor in the atmosphere (m2/s) and v the saturation density of water vapor (kg/m3). 

 

Figure 2.10B shows the change of the sublimation rate of a particle related to the particle size in different 

temperature and ventilation conditions. Increasing the ambient temperature of the particle from –20 C to -

10 C approximately doubles the rate of sublimation throughout the size range between 0.1 and 1 mm. 
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Doubling of the sphere diameter more than doubles the sublimation rate (Schmidt, 1972). The values for 

the Figure 2.10 are computed for the atmospheric pressure of 1000mb and relative humidity of 90%. 

According to studies of Schmidt (1972) decreasing the relative humidity to 80% would double the 

sublimation rate. Figure 2.11 shows the variation in the sublimation rate in a column of drifting snow 

related to the changes in wind speed at 10 meters with different combinations of relative humidity and 

temperature (Pomeroy and Gray, 1995). The figure is based on the theories presented above. A fetch 

distance (acquired distance to reach the full amount of snow transport that the corresponding wind speed 

is capable to carry) of 500 meters and solar radiation flux 120 W/m2 are assumed. 

 

 

 

 

 

 

 

 

 

 

 

 

   

A) B) C) 

 
Figure 2.10 A) Influence of ventilation on sublimation. Sublimation is increased by factor F due 
to convection (Thorpe and Mason, 1966). B) The sublimation rate of a particle related to the 
particle size in different temperature and ventilation conditions (V in cm/s) (Schmidt, 1972). C) 
Influence of solar radiation on sublimation rate versus particle size (Schmidt, 1972). 
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Ut  
Figure 2.11 Variation in the sublimation rate in a column of 
blowing snow in relation to wind speed at 10 meters, relative 
humidity and temperature. A fetch distance of 500 meters and 
solar radiation of 120 W/m2 is assumed (Pomeroy and Gray, 
1995).  Ut is the threshold wind speed required to start the 
snow drift. 
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3 Data and methods 
 

For this study accumulated snow was measured on four cirque glaciers in central Northern Iceland 

(Figure 3.1). The mass-balance for the corresponding periods was computed with a degree-day mass-

balance model MBT (Ch. 2.3.1). The accumulated precipitation was simulated with the MM5 numerical 

modelling system (National Centre for Atmospheric Research (NCAR) / Pennsylvania State University) 

for the time period when the measured snow had been accumulating (Ch. 4.1). 

 

The snow accumulation was first measured on Kambsjökull in Flateyjardalur during two measuring days 

on  7th and 26th December 2002 as a part of a glacier surface mapping. Tómas Jóhannesson kindly 

provided and supervised me with the pre-processed data from those field experiments. On the 17th of 

April 2003 I participated in the snow accumulation measurements on Kambsjökull. Later in the spring, 

21st-24th of May, I made snow accumulation measurements on three glaciers on Tröllaskagi area in co-

operation with an Austrian research group (Table 3.2).  

 

With the output from the models, the snow accumulation field data and data from permanent weather 

stations processes acting on the snow accumulation on the glaciers are considered. The methods to collect 

snow accumulation data and the ways to compute quantitative estimates of the processes affecting on the 

accumulated snow are also studied and discussed. 

 

Glaciers are often remotely located. Methods to study the climatic conditions on the glaciers by using data 

from outside the study area are needed. Statistical connections between glacier mass balance and climatic 

parameters from data outside the glacier have been constructed (Lefauconnier and Hagen, 1990). 

Applying a single parameter from a remote weather station to a glacier is difficult due to several 

couplings between the climatic parameters, topography and surface properties for instance. In this study 

attempts were done to apply weather data from permanent lowland weather stations in the neighborhood 

of the study glaciers to the glaciers and to combine these values with in-situ snow accumulation 

measurements. 
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3.1 Weather data 
 

The Icelandic Meteorological Office (IMO) and a research group from the University of Innsbruck 

provided the data from 11 weather stations (Figure 3.1 and Table 3.1) to get an overall picture of the 

climate on the study area and to estimate quantities of the mass transfer processes on the glaciers. The 

station in Akureyri (4221), Hraun á Skaga (352) and Nautabú (366) provide data for at least the last 46 

years and are for that reason used here to get on overview of the climate on the area. In addition data from 

other weather stations with a shorter period of observations around the study area have been used for the 

numerical computations. 

 

 

                                                        
1 The number in the brackets refers to the number of the weather station (Figure 3.1 and Table 3.1). 

Figure 3.1 Weather stations used in this study and the study glaciers marked on the map of Iceland. 
The stations are listed on the table 3.1. 

473 
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JÖKULL 
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3975 

33357 
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Table 3.1 The altitude, location, mean temperature (annual and Jun-Aug) and annual precipitation at the 
weather stations used for this study. 

STATION 
(No.) 

ALTITUDE 
m a.s.l. 

LOCATION MEAN 
TEMPERATURE ( C) 
(Annual/Jun-Aug)  

ANNUAL 
PRECIPITATION (mm) 
(not corrected) 

Akureyri (422) 
 
 

23 65°41.135'N, 
18°06.014'W 3.49/9.95 (1949-2002) 498.5 

Hraun á Skaga 
(352) 
 

3 66°06.762'N, 
20°06.622'W 3.09/8.39 (1956-2002) 498.2 

Nautabú (366) 
 
 

115 65°27.542'N, 
19°22.096'W 3.42/10.32 (1956-2002) 469.4 

Grímsey 
(3975) 
 

16 66°32'N, 
18°01'W 2.82 (1994-2002) - 

Sauðanesviti 
(400) 
 

30 66°11.112'N, 
18°57.204'W 3.64 (1990-2002) 851.84 

Torfur (425) 15 65°30.092'N, 
18°09.076'W 3.6 (1998-2002) 778.6 (1998-2002) 

Þverá í 
Dalsmynni 
(437) 

60 65°51.679'N, 
17°54.094'W - 787.8 (1998-2002) 

 

Skiðadalur 
(100) 
 

140 65°48'N, 
18°37'W 4.55 (2002-2003) - 

Staðarhóll 
(473) 
 

42 65°49.162'N, 
17°20.755'W 2.28  

Vaðlaheiði 
(3474) 
 

580 65°44.911'N, 
18°00.066'W 0.17/6.63 (2000-2002) - 

Öxnadalsheiði 
(33357) 540 65°30'N, 

18°42'W 0.21/7.31 (1995-2002)  

 

3.1.1 Climate on the study area 
 

The climate at about 1000 m a.s.l. (above sea level) is of primary interest for this study. However, most of 

the weather stations are located at sea level and no stations are higher than 580 m a.s.l. Extrapolation 

needs to be done when applying the data for the study glaciers located at a higher altitude. 

 

General atmospheric circulation connected to the local weather 

The mean low pressure center (Icelandic low) lies southwest of Iceland (Fig. 1.2). Due to the low pressure 

system wind directions from southeast and northeast are governing the Icelandic climate (Einarsson 
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1984). Ívarsdóttir (2001) developed a weather type classification connecting the atmospheric circulation 

to the local weather on Iceland. The annual frequencies of the weather classes are shown on the Figure 

3.2. The classes 11 19 present cyclonic circulation and classes 21 29 anticyclonic circulation. The 

classified weather types are presented more in detail in the Appendix 6. 

 

The weather classes 19, 15, 14 and 13 (cyclonic circulation) are the most frequent ones when looking at 

the average annual frequencies of the weather classes for a whole year. These weather classes are 

characterized with large-scale wind directions between southwest and southeast on Iceland. For this thesis 

autumn, winter and spring seasons are of main interest. In that aspect also the class 13 with southeasterly 

wind becomes more frequent, especially in spring (Appendix 6, Fig 6-2). 

 

 

Local wind 

The small-scale wind is influenced considerably by the local topography. The stations in Grímsey (3975) 

and Hraun á Skaga (352) are located on open places by the sea (Fig.3.1). Thus the local effect of the 

topography on the wind at the stations is small compared to the other stations used in this study and these 

stations can be assumed to be the best representatives to estimate the overall wind conditions on the 

 
Figure 3.2 Average annual frequencies of each weather type for the whole year. 1899-1929, 1930-1969 and 
1970-1998 (Ívarsdóttir, 2001). 
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Tröllaskagi- and Flateyjarskagi  peninsulas. The wind blowing between north and east is the most 

common at the stations (Fig. 3.3). This corresponds well with the wind directions recoreded in 

Bolungarvík in Northwest Iceland in connection to the weather type classification. With the cyclonic 

circulation that is the governing case on Iceland the NE winds are occuring most frequently there 

(Appendix  6,  Fig.  6-3).  The  roses  in  Figure  3.3  are  drawn  separately  with  all  the  data  and  for  the  

conditions with temparature below 4°C and wind stronger than 10 m/s or temperature less than 4°C 

occurring together with precipitation. The governing direction of wind at the stations with the limitations 

is from the sector N-E. The topography of the peninsulas develops remarkably different wind patterns on 

the study area. 

 

 

Figure 3.3. Wind roses in Hraun á Skaga and Grímsey for 1) all measurements, 2) temperature less than 4°C 

and wind stronger than 10m/s and 3) with temperature less than 4°C and precipitation. 
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Hraun 
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Temperature 
The annual mean temperature in central Northern Iceland is 3- 4°C at sea level decreasing with altitude on 

the mountains (Fig 3.4 and Table 3.1). The mean annual temperature in Hraun á Skaga (352), the station 

by the ocean, is about 0.4°C lower compared to the stations in Akureyri (422) and Nautabú (366) farther 

inland. The annual mean temperature on the mountains in Öxnadalsheiði (33357) and Vaðlaheiði (3474) 

is circa 3°C lower compared to the sea level temperature. Based on the annual mean temperatures at the 

stations in Akureyri and Vaðlaheiði the decrease of temperature between the two stations is 0.60°C/100m. 

This follows well the adiabatic lapse rate. It has to be taken into consideration that the data for the station 

in Vaðlaheiði is collected from a period of just two years. In earlier studies (Björnsson 1971) the lapse 

rate between Akureyri and Bægisárjökull was defined to be 0.65 °C/100m during days with wind from 

south to west and lower for the northerly wind that is the main wind direction on the area. These studies 

were done for two summer seasons. 
 

 

Precipitation 
Figure 3.4 shows the average monthly precipitation at the weather stations in Akureyri (422), Hraun á 

Skaga (352) and Nautabú (366) for the years from 1956 to 2002 and in Þverá í Dalsmynni (437) for the 

years from 1998 to 2002. The May is the driest month while the October has the largest amount of 

precipitation. The frequency of precipitation is highest during the cyclonic circulation (classes 11-19) 

 
Figure 3.4 Daily mean and temperature and monthly mean precipitation. For the station names see Fig 3.1 
and Table 3.1. 
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(Ívarsdóttir, 2001), especially for the classes 14, 15 and 16 in Bolungarvík (Appendix 6, Fig. 6-5). The 

characteristic wind direction in Bolungarvík for those weather classes is mainly from northeast (Appendix 

6,  Fig  6-3).  This  corresponds  to  the  data  shown  in  Fig  3.3  from  the  stations  in  Grímsey  and  Hraun  á  

Skaga. The highlands act as a rain barrier preventing the moist air masses to reach the study area in the 

Northern Iceland from south and southeast directions. On the study glacier located in higher altitudes the 

precipitation is expected to be higher due to the orographic effects. 

 

3.1.2 Accumulation period 
 

The study period when the measured snow pack had accumulated on the glaciers on Tröllaskagi and 

Flateyjarskagi peninsulas was defined applying the temperature and precipitation data from weather 

stations in Sauðanesviti (400), Akureyri (422), Torfur (425), Staðarhóll (473) and Skiðadalur2 (Figure 3.1, 

Table 3.1, Appendix 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Numerical computations of the precipitation and mass-balance 
 
The precipitation on the glaciers versus altitude was estimated by running a degree-day mass-balance 

model MBT using precipitation and temperature data from permanent lowland weather stations. The 

                                                        
2 The weather station in Skíðadalur belongs to the University of Innsbruck. 

 
Figure 3.5 Precipitation gauge in Þverá í Dalsmynni (437). 
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Figure 3.6 The calibration of the MBT model. Blue circles 
show the linear regression into the water equivalents 
observed on Kambsjökull in December 2002, blue crosses 
are the observed snow depths in mm. The red line is the 
linear fit to the snow depth observations. The black lines 
are the MBT model results with the given parameters. 

atmospheric mesoscale circulation model MM5 gave an average of the accumulated precipitations on the 

study area. 

 

3.2.1 Degree-day mass-balance model MBT 
 

The degree-day mass-balance model (MBT) used in this study is described in chapter 2.3.1. 

 

Precipitation data for the degree-day mass-

balance model was taken from station at 

Þverá í Dalsmynni (437) and the 

temperature data from Vaðlaheiði (3474). 

See Figure 3.1 and Table 3.1 for more 

information about the weather stations. 

 

The precipitation correction factor between 

the precipitation station and the glacier snout 

(at 750 m a.s.l), and the precipitation 

gradient on the glacier are estimated by 

minimizing the difference between the water 

equivalents observed on Kambsjökull in 

December 2002 and the precipitation output 

from the model for the corresponding 

accumulation period of 52 days (Figure 3.6). 

The observed water equivalents below the 

altitude of 800 m a.s.l. are removed here to 

avoid the influence of melting on the 

comparison. The best fit is obtained with precipitation correction factor 2.0 and the precipitation gradient 

on the glacier 0.08 (1/100m). The precipitation correction indicates how the accumulation at the glacier 

snout is affected by the orographic effects due to the altitude difference to the precipitation station and 

also by other factors increasing the accumulation on the glacier (snow drift etc.) With the methods 

available here the amount of snowdrift and the other surface mass transfer processes cannot be quantified. 

The parameters defined for Kambsjökull are applied also for the model computations on the other study 

glaciers for this thesis. 
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3.2.2 Simulation of precipitation by MM5 modelling system  
 
The atmospheric mesoscale circulation model MM5 (Chapter 2.3.2) was used to simulate the accumulated 

precipitation on the area covering the study glaciers. The initial meteorological condition and the lateral 

boundary data for the simulations are taken from a global model at The European Centre for Medium 

range Weather Forecasting (ECMWF). The topography comes from the 30 seconds global topography 

data of USGS (US Geological Survey). 

 

The modelling system was run for a period when the snow observed on Kambsjökull in December 2002 

had been accumulated, from 15th of  October  to  the 5th of  December (Ch.4.1).  The two domains for  the 

model were covering 1. the whole Iceland and 2. the study area with surroundings of 144 km x 144 km 

(Fig 4.6). The resolutions of the domains are 9 and 3km respectively. 

 

3.2.3 Source and quantities of the errors considering the numerical computations 
 

The observed accumulation of snow on Kambsjökull in the autumn 2002 is used to calibrate the 

precipitation for the MBT model. This accumulation is likely to be affected by mass transfer processes, 

which could not be considered in the definition of the model parameters. 

 

The precipitation simulation with MM5 is made with a resolution of 3 km. This is in order of the size of 

the study glaciers. In addition, the study glaciers are located in an area where the simulated precipitation 

gradient is strong making the determination of the simulated precipitation on the glacier even more 

inaccurate. 

 

The MM5 precipitation simulations have been validated in Iceland. Comparisons are made with 

observations at weather stations and with a statistical model SMOD (Crochet, 2002) that is based on 

precipitation observations and several topographical predictors. The results indicate the mean absolute 

relative error3 of 110-130% in Northern Iceland for a period from December to May. The problems in 

simulations with MM5 might rise from the large topographical variability in Northern Iceland that cannot 

be solved with the resolution used for the simulation and it thus gives too strong precipitation gradient on 
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the mountain slopes. The error can be partly explained also by difficulties in the reference precipitation. 

The observations in the Northern Iceland are coarse and located mainly below 200 m a.s.l (Rögnvaldsson 

et al., 2004). 

 

For this study a comparison was made between the observed accumulated precipitation at two permanent 

lowland weather stations and accumulated precipitation values simulated with the MM5 for the same time 

period at the same location (Appendix 8). 

 

3.3 Observed snow accumulation 
 

To get comprehensive results of the areal snow cover widely spread measurements have to be performed. 

In this thesis snow pits were dug, snow depth was probed and a differential GPS were used as methods to 

define average snow accumulation and the accumulation gradients versus altitude on the glaciers. 

 

3.3.1 Snow pit 
 

Snow pits were dug in the centre of the glacier at the altitude of the assumed equilibrium line (ELA) that 

lies around 1000 m a.s.l. on the study glaciers in the Northern Iceland (Björnsson, 1971; Björnsson, 

1979)) (Appendix 9). That is the representative location considering the average snow accumulation on 

the glaciers (Humlum, 1998; Humlum, 2002). To make sure that the snow pit was a good representative 

of the surroundings snow depth probings were done in the immediate neighbourhood of the snow pit.  

 

The snow pits dug for this study are listed on the table 3.2. A Thommen altimeter was used for the 

altitude definition. In April 2003 the snowpit at the altitude of 1120 m a.s.l was done only to the depth of 

1 meter from the snow surface because of practical reasons. Due to the locating problems caused by bad 

weather snow pit on Hálsjökull was made lower from the ELA. 

 

The depth and density of  the  snow pack  were  measured  at  the  pits.  From these  results  the  mass  of  the  

snow pack (kg/m2) was calculated. The pits were dug until the last summer layer recognised as a 

remarkable  harder,  icy  structure,  firn  or  ice.  The  samples  for  density  analyses  were  taken  with  a  20  
                                                                                                                                                                                   

3 The mean absolute relative error = 
REF

REFMM5
*100 (%). 
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Figure 3.7 Probing of snow 
thickness. 

centimetres  long tube of  a  diameter  of  5.5 cm in a  vertical  direction.  The snow samples were weighted 

immediately. On Kambsjökull the density was measured by taking samples in the horizontal direction in 

each recognisable layer of a thickness bigger than 5.5 cm (diameter of the thube).  

 

3.3.2 Snow accumulation measured by probing 

 

Snow depth was measured also by probing to get more areal data 

about the amount of accumulated precipitation on the study glaciers 

(Table 3.2 and Appendix 9). A four-meter long aluminium probe 

that consists of one-meter long and diameter of 1.5 cm pieces was 

used for the probing. The probing was done to the depth where the 

last summer surface (firn/ice) was reached (Figure 3.7). Identifying 

the  last  summer  surface  correctly  was  confirmed  by  reaching  the  

surface in the snow pits. The stake used for probing was not long 

enough to reach the last summer layer on the sides of Kambsjökull 

in the spring 2003 and thus the snow depth data could not be 

collected on some areas by this method. 

 

 

3.3.3  Snow accumulation measured by GPS 
 

The surface altitude of Kambsjökull was measured in August and December 2002 using GPS (Global 

Positioning System). Based on the GPS observations a surface map was prosecced for the both measuring 

dates. During the measurements in August snow had not started to accumulate on the glacier. Thus the 

difference of the two surfaces gives indirectly an estimate of (average) snow depth over the glacier. The 

surface data was collected moving on the glacier surface and collecting the GPS data continuously with 

GeoExplorer 3 and Pro-XR instruments from Trimble Navigation Ltd (Trimble Navigation Ltd, 2004). In 

this way surface data of more than 12000 points was obtained. The areal coverage of the data is much 

denser compared to the probings and covers also areas where no probing was done. 

 

The GeoExplorer 3 data collection system is an integrated GPS receiver and data collection unit that is 

intended for mapping purposes where an accuracy of one to several meters is sufficient. It includes a 
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high-performance GPS receiver with 12-channels. The Pro-XR instrument consists of a receiver with 12 

channels. It uses an external data collection unit and antenna and may be used to obtain accuracy of under 

a meter in the horizontal. The GPS field data was corrected afterwards using base station data from the 

GPS reference station in Akureyri (operated by the National Land Survey of Iceland), which is at a 

distance of 35 km from Kambsjökull. This is done to eliminate errors due to, among other things, 

atmospheric conditions.  

 

Digital maps were computed from the surface data sets. The computation of the maps was carried out 

with a mathematical programming software Matlab®6.5 (The MathWorks, 2002). The values at the grid 

points (xout, yout) of a 10 x 10 meters grid were obtained by taking a weighted average of the irregularly 

spaced field measurements at (x, y) within 75 meters from a grid point. The positions xout, yout, x y are 

values in an ISN 93 coordinate system having meter as the dimension. The weight factor w applied at 

(x,y) is )75/))()(exp( 222 myoutyxoutxw . 

 

The increase of the surface altitude due to snow accumulation during the period from August to 

December was considered by lowering the altitudes measured in December by 0, 1.5, 2.5 and 3 meters. 

The surface maps were computed separately with the data from August and from December after 

subtracting the values as described above from the December data set. Outliers were considered by 

excluding data values that differed from the preliminary surface map by more than 10 m in the vertical. 

The procedure was repeated with the modified data set. A total of 161 out of 12094 data points were 

excluded in this manner. 

 

The RMS (root-mean-square)4 difference was calculated between the altitudes of the resulting August and 

December surfaces for each value of the vertical shifting. The best estimate of the surface altitude change 

between  August  and  December  is  found  at  the  minimum  of  a  least  squares  parabola  fit  into  the  RMS  

difference versus vertical shifting. 

 

 

                                                        

4 RMS = 
n

x
x

n

i i1
2

2
, where x is the difference between an altitude measured by GPS in August and an 

interpolated value at the same location based on the resulting digital map done by subtracting a vertical shifting from 
the altitude measured in December. 
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Table 3.2 Information about the field measurements done for this study during the winter 2002-2003. 

GLACIER ALTITUDE 
OF 
SNOWPIT 

MEASUREMENTS 
DONE 

TIME OF 
MEASURE
MENT 

LOCATION 
OF 
SNOWPIT 

Kambsjökull - GPS-surface August 2002 - 
 1120 GPS-surface, 

snowpit, 
85 probings 

7. and 
26.12.2002 

65 56.854’N 
17 46.859’W 

 875 
 
935 
 
1120 

3 snowpits, 
58 probings 

17.4.2003 65 57.390’N 
17 46.924’W 
65 57.305’N 
17 46.709’W 
65 56.854’N 
17 46.859’W 

Gljúfurárjökull 1000 Snowpit,  
density, 
structure, 
7 probings 

21.5.2003 65 42.757’N 
18 39.59’W  

Halsjökull 850 Snowpit,  
density, 
structure, 
8 probings 

22.5.2003 65 52.166’N 
18 27.263’W 

Bægisárjökull 1100 Snowpit,  
density, 
structure, 
10 probings 

24.5.2003 65 35.340’N 
18 21.770’W 

 

3.3.4 Sources and quantities of errors considering the observation methods 
 
A snow pit is an accurate method to study a snow pack locally. Nevertheless the snow cover varies in its 

properties  a  lot  spatially.  Having just  one snow pit  in  a  central  location of  a  glacier  is  a  rough estimate 

considering a whole glacier surface. This problem is not so remarkable because the glaciers in this study 

are relatively small being all less than 10 km2 in their area. The study glaciers are also relatively flat and 

the climatic conditions over the glaciers are reasonably uniform. The effect of snow drift on the sides and 

areas where the surface curvature changes has to be taken into account separately as well as the 

precipitation and temperature gradients versus altitude. 

 

The probing of the snow cover gives information about the snow thickness over larger areas 

comparatively fast. It needs to be combined with snow pit to ensure that the last summer layer is defined 

correctly with the probe. With a wide coverage of probe measurements the measuring errors become 

insignificant. In this study the coverage was good on the Kampsjökull glacier, but in the glaciers on 

Tröllaskagi the snow pits are the main source of data due to the abridged set of probings. 
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Fieldwork in spring 2003 was done in late season. Thus the melting of snow followed by run-out of melt 

water has to be considered. For this study this is done using the degree-day mass balance model 

introduced in Chapter 2.3.1. 

 

The accuracy in the GPS positioning is in order of one meter in horizontal and 2 meters in vertical 

positioning. Thus local changes in surface altitude are difficult to define by this method. Defining an 

average accumulation for the whole glacier on the other hand corresponds to the spatial average of the 

change of surface altitude. Then also the affect of glacier flow is removed as the glacier is assumed to be 

incompressible and changes of the margin during the study period are negligible. Still the result has to be 

considered as a trend-giving tool. 

 

The density measurements are easily affected by errors. Taking the snow sample without compressing the 

snow and weighing it without loosing any part of the sample acquires some experience and caution. The 

quantity of these errors is not significant though. 

 

3.4 Mass balance values 
 

At  the  snow pits  dug  on  the  study  glaciers  the  layers  with  different  densities  were  recorded.  From the  

densities and the depths of the layers the mass of the snow pack (kg/m2) at the snow pit was calculated. 

Based on the density observations in the snow pits on Kambsjökull- glacier a decrease of the mean 

density in order of 50 kg/m2 between the lower and upper part of the glaciers is assumed. A linear 

regression line calculated with mathematical programming software Matlab®6.5 (The MathWorks, 2002) 

was fit into the snow depths observed by probing (Fig 4.3). From this data the mass of the snow pack at 

the altitude of 1000 m a.s.l. and a gradient of mass increase versus altitude were defined. 

 
The MBT model computes the mass balance on the study glaciers versus altitude for different periods of 

time. The MM5 model gives an estimate of the average accumulation on the study glaciers for the autumn 

period 2002. These results are compared with the field observations. 
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3.5 Calculations of the mass transfer processes 
 

Mathematical programming software MatLab®6.5 is used for the numerical computations of the weather 

conditions on the glaciers and quantifying the rate of snow drift, sublimation from the airborne particles 

and evaporation/ condensation (Appendix 5, program A and B) on the glaciers following the theories 

introduced in the chapter 2. The meteorological data is taken from the weather stations in Vaðlaheiði 

(3473) and Akureyri (422) (Figure 1.1 and Table 3.1). Temperature and vapor pressure at the weather 

stations are applied to the study area by using theories  presented in Chapter  2.  The calculations are run 

separately for the two periods when the snow measured on the field had been accumulated (Ch. 3.1.2 and 

4.1). The autumn period is from the 15th October to 5th December and the whole winter period from 15th 

October to 30th April. 

 

For this study it is interesting to estimate the contribution of the mass transfer processes also on a single 

average and stormy day. On that purpose the empirical formulation presented in Table 2.4 and Figures 2.7 

and 2.11 are used for the snow drift and sublimation estimates in addition to the numerical computation 

presented above. 

 

The degree-day mass balance computations (MBT-model) give the estimation of the melting followed by 

run-off of melt water on the study glacier for this thesis. 

 

3.5.1 Source and errors considering the snow transport, evaporation, sublimation 
and melting estimations 

 

The data for the mass transfer calculations on the study glaciers is applied from the lowland weather 

stations. The wind is assumed to have large variation within the distance and altitude difference between 

the  weather  stations  and  the  study  area.  In  addition  to  the  rate  of  snow  drift,  the  wind  affects  on  the  

turbulent fluxes on the glaciers (Eq.2.2-2.10) and thus the mass transfer processes on the glacier surface 

cannot be accurately estimated either, due to the lacking in situ wind data. Also difficulties in 

determination of the change of humidity of air versus altitude cause uncertainity in the mass transfer 

estimates. 
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Figure 4.1. Daily precipitation and mean air temperature in Akureyri during the winter 2002-2003. 

4 Results 
 

4.1 Snow accumulation period 
 

The period when the observed mass had been accumulating on the study glaciers was defined from the 

temperature and precipitation data at lowland weather stations in the neighbourhood of the study glaciers. 

Daily mean air temperature and daily precipitation data in Akureyri for the winter 2002-2003 are shown 

in Figure 4.1. The data from Sauðanesviti, Torfur, Staðarhóll and Skíðadalur are shown in Appendix 7. 

The precipitation is corrected with a correction factor introduced in Appendix 4. 

 

 

A  clear  drop  of  temperature  is  seen  towards  the  end  of  October  at  the  weather  stations  under  

consideration. On the 15th of October the air temperature dropped below 4°C. This is also the beginning 

of a period with higher rate of precipitation. The glacier snouts are approximately at an altitude of 700 m 

a.s.l. Applying the environmental temperature lapse rate (0.65 C/100m) the snow accumulation starts at 

the lower part of the glaciers approximately on the 15th of October. Snow accumulation at ELA (~1000 m 

a.s.l)  starts  according  to  the  temperature  diagram  a  few  days  earlier,  but  for  those  days  the  total  



4. RESULTS 

 53

precipitation is less than 2 mm at the weather stations. An error in snow accumulation computations for 

the upper part of the glaciers due to the assumed later starting date is thus insignificant. After the 15th of 

October the loss of mass through run-off of melt-water is assumed to be negligible until the end of the 

winter season. 

 

4.2 Mass-balance on the glaciers 
 

4.2.1 Snow pit 
 

At the snow pits the depth and density of the snow pack were recorded. The water equivalents were 

calculated from the field data. 

 

Snow depth at the pit 
The rate of compression and metamorphosis in the snow pack affect on the depth of snow. In the interest 

of this thesis it is to know the mass (kg/m2) of the accumulated snow on the glacier. The smaller thickness 

of the snow pack observed on Hálsjökull- and Bægisarjökull- glaciers (Table 4.1) may be caused by a 

higher rate of compaction or a bigger content of liquid water in the snow pack. 

 

Density 
The density of a snow pack was measured to calculate the water equivalent of the snow pack. The values 

vary between 360 and 660 kg/m3, but even 882 kg/m3 is measured on the bottom of the pit on 

Gljúfurárjökull. The hard layer is assumed to be firn, snow from last summer (Fig. 4.2). A common trend 

in the profiles is the density increasing with the depth, except the pit on Kambsjökull in December 2002 

and on Bægisárjökull in May, where the lowermost layers are lighter than the layers above (depth hoar). 

All the profiles have layers with smaller densities indicating vertical vapour transport in the snow pack. In 

the pit dug on Kambsjökull in December the large variability in density is caused by wet snow occurring 

on ice layers. The snow pit at 1120 m a.s.l. on Kambsjökull in April 2003 was not dug to the bottom of 

the snow pack. The density there is assumed to increase slightly towards the bottom. 

 

To get an idea of the compaction of snow pack average densities are calculated at the snow pits (Table 

4.1). The density on Kambsjökull in December 2002 was measured only in the upper part of the glacier at 

the altitude of 1120 m a.s.l. where it was 445kg/m3. In April the density measured at the lower part of the 
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Kambsjökull- glacier was 545kg/m3 and in the upper part 475kg/m3. The measured densities on 

Gljúfurárjökull, Bægisárjökull and Hálsjökull are 505, 498 and 557 kg/m2 respectively. 

 

The mean density is assumed to decrease with altitude due to a higher rate of metamorphosis and 

compaction in the lower part of the glacier (seen on the results from April). Therefore a mean density of 

500 kg/m3 was assumed in the lower part of Kambsjökull in December. A mean density of 550 kg/m3 is 

assumed for the lower parts of Gljúfurárjökull, Bægisárjökull and Hálsjökull.  

 

 

4.2.2 Snow accumulation measured by probing 
 

The snow depth on the study glaciers increases with altitude (Fig. 4.3). Nevertheless there is variation 

observed by the probing of the snow depth also towards the sides of the glaciers and due to the local 

changes of the surface shape. In the spring depths of snow deeper than four meters were recognized on 

the sides of Kambsjökull glacier but they could not be measured due to the inadequate length of the 

measuring probe. The gradients measured on Kambsjökull in December 2002 and on Gljúfurárjökull in 

May 2003 are up to seven times stronger than the other observed gradients. The differences are discussed 

in the chapter 5. The distribution of the probings on the glaciers is shown on (Appendix 9). 

 

 

 
Figure 4.2 The densities observed at the snow pits on Kambsjökull in December 2002 (1120 m a.s.l.) and 
April 2003 (875 m a.s.l. and 935 m a.s.l.), and on Gljúfurárjökull (1000 m a.s.l), Hálsjökull (850 m a.s.l) and 
Bæegisárjökull (1100 m a.s.l) in May 2003. 
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Figure 4.3 Snow depth measured by probing plotted versus altitude for Kambsjokull in December 
2002 and April 2003, Gljúfurárjökull, Bægisárjökull and Hálsjökull in May 2003. 
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4.2.3 Average snow depth from GPS 
 

The RMS (root-mean-square) differences between the surface map points at the same locations based on 

GPS measurements in August and December are shown in Figure 4.4. The method to obtain the surfaces 

is described in Chapter 3.3.3. The RMS difference is plotted versus each value of vertical shifting (0, 1.5, 

2.5  and  3  meters)  that  is  applied  to  the  data  collected  in  December.  The  best  estimate  of  the  surface  

altitude change between August and December is found at the minimum of a least squares parabola fit 

into the RMS difference versus vertical shifting. The minimum is near a 1.8 meter vertical shifting of the 

December measurements with respect to the August measurements. This is the best estimate of the 

average altitude difference between the August and December glacier surfaces gained by this method. 

 

The method can not be used to determine local 

changes in the glacier surface altitude between 

August and December because of the insufficient 

accuracy of the instruments. Nevertheless the 

method computing the surface maps results into 

a spatially averaged change of the surface 

altitude of the glacier for the period. Also the 

possible changes of surface altitude caused by 

the glacier movement are eliminated by the 

spatial averaging. The average altitude 

difference of 1.8 meters can therefore be 

interpreted as an estimate of the average 

thickness of snow that was accumulated on the 

surface of the glacier during the period between 

the measurements. This value corresponds to the 

snow depth obtained from the probings for the 

altitude of 1000 m a.s.l. (Figure 4.3). 

 

 

 

 

 

 
Figure 4.4 RMS difference between grid point 
altitudes on the maps computed from the GPS 
measurements done in August and vertically shifted 
altitudes from December 2002. The altitudes observed 
in December were lowered by 0, 1.5, 2.5 and 3 meters 
separately. 
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4.2.4 Water equivalent of the snow pack at 1000 m a.s.l. and the gradient 
versus altitude 

 

Together with the snow depth data from the probings (Figure 4.3) and the density presumptions (Ch. 

4.2.1) estimations of water equivalent gradients versus altitude are derived. The water equivalents at the 

snowpits and estimates for the altitude of 1000 m a.s.l. are shown in the table 4.1. 

 

The mass-balance gradient measured on Kambsjökull in April 2003 (294 kg/m2 per 100m) is more than 

eight times stronger compared to the one measured in December (35 kg/m2 per 100m). The gradient based 

on the observations on Gljúfurárjökull in May 2003 (424 kg/m2 per 100m) is approximately seven times 

the gradients observed on Bægisárjökull- and Hálsjökull- glaciers (83 and 58 kg/m2 per 100m 

respectively) (Table 4.2). 

 

Table 4.1. Snow depth, density and water equivalent at the snow pits on the study glaciers in December 2002 
and spring 2003, and the values estimated at the altitude of 1000 m a.s.l. 

 

4.2.5 Degree-day mass-balance model MBT 
 

The degree-day mass balance model (MBT) was run with the parameters defined in the Chapters 2.3.1 

and 3.2.1 for the periods corresponding the observed mass balance values. The model output together 

with the mass balance measured on the study glaciers is shown on the Figure 4.5A-D and Appendix 10. 

The figure 4.5A-B shows the linear regressions that are fit into the water equivalents observed on the 

study glaciers. On the figure 4.5C-D the linear regression is corrected with the amount of run-out of melt 

GLACIER ALTITUDE 
OF SNOW PIT 

SNOW 
DEPTH 
AT THE 
PIT (m) 

AVERAGE 
DENSITY AT 
THE PIT 
(kg/m3) 

WATER 
EQUIVALENT AT 
THE PIT (mm or 
kg/m2) 

DEPTH AT 
1000 M 
A.S.L. (m) 
(from a 
linear 
regression 
Fig.4.3)  

EST. 
DENSITY 
AT 1000M 
A.S.L. 
(kg/m3) 

EST. W.E. AT 
1000M A.S.L. 
(mm or kg/m2) 

Kambsjökull 
(December) 

1120 1.68 445 748 1.64 445 730 

Kambsjökull 
(April) 

875 1.85 545 973 3.38 475 1603 

 935 3.15 575 1799    
 1120 3.80 475 1850    
Glúfurárjökull 
(May) 

1000 3.31 505 1707 3.19 505 1611 

Bægisarjökull 
(May) 

1100 2.67 498 1330 2.50 510 1275 

Halsjökull 
(May) 

850 2.26 557 1261 2.50 505 1263 
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water indicated by the MBT model output for the corresponding modelling period. The same parameter 

set is used for the three modelling periods corresponding the periods of mass balance measured on the 

study glaciers. 

 

 

The MBT model (black line) does not follow the change of the mass balance gradient observed on 

Kambsjökull- glacier between the autumn 2002 and spring 2003 measurements (blue lines) (Fig 4.5A and 

Table 4.2). The water equivalent observed at the snow pit at the altitude of 1120 m a.s.l. in April 2003 is 

1850 kg/m2 being 430 kg/m2 more than is indicated by the MBT model output. 

 

The slope of the model output (black line) for the period from 15th October 2002 to 20th May 2003 lies 

between the water equivalent gradients observed on Gljúfurárjökull-, Bægisárjökull- and Hálsjökull-

glaciers in May 2003 (blue lines on Figure 4.6B). The observed mass balance values are up to 200 kg/m2 

smaller in the upper part of the Bægisárjökull- and Hálsjökull- glaciers and 600 kg/m2 bigger on 

Gljúfurárjökull compared to the computed water equivalents. The differences between the water 

 

A) B) D) C) 

Figure 4.5 A) Mass-balance values based on the observations on Kambsjökull in December 2002 and April 
2003 (blue lines) and the mass-balance from the MBT model (thick black lines) for the corresponding 
periods of accumulation. B) Mass-balance values based on the observations on Gljúfurárjökull-, 
Bægisárjökull- and Hálsjökull-glaciers in May 2003 (blue lines) and the mass-balance from the MBT model 
(thick black line) for the corresponding periods of accumulation. C) The run-off indicated by MBT is added 
on the observed water equivalents on Kambsjökull (blue lines). The modeled precipitation is plotted as the 
MBT result (black line). D) The run-off indicated by MBT is added on the observed water equivalents on 
Gljúfurárjökull (blue line). The modeled precipitation is plotted as the MBT result (black line). 
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equivalents at the snow pits and the MBT model output at the corresponding altitude are 285, -254 and 

151 kg/m2 on Gljúfurárjökull-, Bægisárjökull- and Hálsjökull-glaciers respectively (Table 4.2). 

 

The numerical results of the MBT modelling (Table 4.3 and Appendix 10) indicates melting followed by 

runoff (precipitation – mass balance) in the lower part of the glaciers for the periods from 15th October to 

17th April and 20th May. This causes steeper accumulation gradients in the lower part of the glaciers. The 

Figures 4.5C-D show the modelled precipitation and the accumulation based on the observations that are 

corrected with values modelled (MBT) as the run-out of mass. After all the mass-balance model does not 

explain the steep increase of water equivalent with altitude observed on Kambsjökull in April 2003 and 

on Gljúfurárjökull in May 2003. 
 

Table 4.2 The water equivalents observed at the snow pits during the winter 2002-2003 and the computed 
(MBT) mass-balance at the same altitude for the corresponding accumulation period. The mass balance 
gradients versus altitude are given based on the observations and the MBT model. Also the observed gradient 
corrected with the amount of mass indicated as run-out of melt water by MBT and the modeled (MBT) 
precipitation for the corresponding periods are shown. 

 

 

For the period between 17th April to 20th May 96 kg/m2 of run-off (precipitation - mass balance) is 

indicated at the altitude of 1000 m a.s.l by t he MBT model (Table 4.3 and Appendix 10). 
 

 

 

 

 

Glacier Altitude 
(m 
a.s.l.) 

W.e. at 
the pit 
(kg/m2) 

W.e. 
from 
MB
T  

Difference OBSERVED 
GRADIENT 
(linear 
regression) 
(kg/m2 per 
100m) 

GRADIENT FROM 
MBT FOR 
CORRESPONDING 
PERIOD (max/min) 
((kg/m2 per 100m) 

OBSERVED 
GRADIENT 
MODIFIED 
WITH THE 
RUNOFF 
(linear 
regression) 
(kg/m2 per 
100m) 

PRECIPITATION 
GRADIENT FROM 
MBT FOR 
CORRESPONDING 
PERIOD (max/min) 
((kg/m2 per 100m) 

Kambsjökull 
(December) 

1120 748 782 -34 35 92/42 42 44/42 

Kambsjökull 
(April) 1120 1850 1420 430 294 256/78 204 80/78 

Gljúfurárjökull 
(May) 1000 1707 1422 285 424 314/136 277 92/88 

Bægisárjökull 
(May) 1100 1330 1584 -254 83 314/136 - 92/88 

Hálsjökull 
(May) 850 1261 1110 151 58 314/136 - 92/88 
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Table 4.3 MBT model output by using precipitation data from Þverá í Dalsmynni and temperature data from 
Vaðlaheiði (map 3.1); precipitation (PRE), mass balance (BAL) and runoff (kg/m2) for the periods from 15th 
of October to 5th of December 2002, to 17th of April 2003 and to 20th of May 2003 versus altitude. 

ALTITUDE 

(m) 

 1510-0512  1510-1704  1510-2005 

  PRE BAL RUNOFF  PRE BAL RUNOFF  PRE BAL RUNOFF 

750  621 597 24  1128 879 249  1292 828 464 

800  643 643 0  1168 1007 161  1338 985 353 

850  665 665 0  1207 1105 102  1382 1110 272 

900  687 687 0  1247 1200 47  1428 1231 197 

950  708 708 0  1286 1274 12  1473 1330 143 

1000  730 730 0  1326 1326 0  1518 1422 96 

1050  752 752 0  1365 1365 0  1563 1507 56 

1100  774 774 0  1405 1405 0  1609 1584 25 

1150  795 795 0  1444 1444 0  1654 1652 2 

 

4.2.6 Results from the MM5 modelling system 
 

The result from the model simulation of accumulated precipitation for the domain 2 that covers 

Kambsjökull- glacier with surroundings of an area of 144 km x 144 km is shown in the Figure 4.6. A 

closer  view  into  the  results  on  Kambsjökull  area  is  shown  in  the  Figure  4.7.  The  resolution  of  the  

simulation producing the maps is 3 kilometres. The blue altitude contours are at 0, 500 and 1000 m a.s.l. 

Accumulated  precipitation  for  the  period  from 15th of  October  to  5th of December 2002 is plotted with 

yellow contour lines with 100 mm interval. The locations of the study glaciers are marked on the maps. 

 

On  the  Figure  4.7  it  can  be  seen  that  Kambsjökull  is  located  on  a  high  precipitation  area  where  the  

precipitation gradient is strong. Maximum accumulated precipitation on the area is 1273 mm. A rough 

estimate of precipitation at the altitude of 1000 m a.s.l. is 1000 mm. Precipitation estimation on 

Gljúfurárjökull-, Bægisárjökull- and Hálsjökull-glaciers are roughly 800, 800 and 400kg/m2 respectively 

(Table 4.4). 
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KAMBSJÖKULL

A

B

C

 
Figure 4.6 Simulated accumulated precipitation for the domain 2 (15th October  –  5th December 2002). 
The resolution is three kilometers. The study glaciers marked with a red spots (A, B and C referring to 
Hálsjökull, Gljúfurárjökull and Bægisárjökull respectively. The accumulated precipitation is given with 
the yellow contour lines with 100 mm interval. 
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The Table 4.4 sums up the average snow accumulation on the study glaciers obtained with the methods 

used in this project. The 1000 m a.s.l. is the approximated altitude of the equilibrium line where according 

to Humlum (2002) the accumulation presents the average accumulation on the glacier. The estimation 

from the GPS method and the MM5 simulation are available only for the autumn period 2002. 

 

 
Figure 4.7 Close-up into the MM5 simulation result of the accumulated precipitation (Fig. 4.6) on 
the Kambsjökull area. 
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Table 4.4 The water equivalents observed on the study glaciers and the computed (MBT) water equivalents 
for corresponding period of accumulation. Accumulation averages from the GPS measurements and MM5 
simulation are computed for Kambsjokull for the autumn period 2002. 

GLACIER TIME OF 
OBSERVATION 

OBSERVED 
W.E. AT 1000 
m a.s.l. 
(kg/m2) 

W.E. 
FROM 
MBT AT 
1000 m 
a.s.l. 
(kg/m2) 

AVERAGE 
ACCUMULATION, 
GPS 
COMPUTATION 
(kg/m2) 

SIMULATED 
ACCUMULATED 
PRECIPITATION 
(kg/m2) AT 1000 m 
a.s.l. (15.10.02-
5.12.02  

Kambsjökull December 2002 730 734 8001 1000 
Gljúfurárjökull December 2002  

 
 800 

Bægisárjökull December 2002   800 
Hálsjökull December 2002   400 
Kambsjökull April 2003 1603 1326   
Gljúfurárjökull May 2003 1611 1422   
Bægisárjökull May 2003 1275 1422   
Hálsjökull May 2003 1263 1422   
 

4.3 The rate of snow transport by wind 
 

The average wind speeds at the weather stations in Akureyri and Vaðlaheiði (15th October – 5th December 

2002) are 4.1 m/s and 8.2 m/s respectively (stations at altitudes of 23 and 580 m a.s.l. accordingly). From 

the empirical snow drift formulations presented in Table 2.4 and Figure 2.7 it is seen that within this 

range of wind speeds (u* between 0.15m/s and 0.31m/s according to Budd et al., 1966) the rate of snow 

transported by wind varies from below 0.0004 kg/(ms) to 0.004 kg/(ms). With a wind speed of 18 m/s (u* 

= 0.68) an average drift of snow is 0.15 kg/(ms). According to this the wind speeds of 4, 8 and 18 m/s 

transport 35, 346 and 12960 kg of snow through a face of 1 meter per day accordingly in favouring 

surface conditions. If the snow drift in these conditions is assumed to occur through a face of 500 m width 

the accumulation/erosion rate (depending on the wind field) on an area of 0.25 km2 (area of the study 

glaciers less than 1 km2) is 0.07, 0.7 and 25.9 kg/m2 per day accordingly (Table 4.7). The average 

thickness of the snow pack on Kambsjökull- glacier at 1000 m a.s.l. in December 2002 was 730 kg/m2 

(Table 4.4). In the computations above a fetch distance of 500 m is assumed. 

 

The snowdrift model (Appendix 5) used in this study computes snow drift fluxes of 0.0012, 0.0244 and 

1.4459 kg/(ms) for the wind speeds of 4, 8, and 18 m/s accordinly. These are an order of magnitude 

stonger transport rates compared to the values given above. Results from the calculations for the study 

period are plotted on the Figure 4.8. Also the prevailing wind at the stations and relative humidity applied 

to the ELA (Eq. 2.15-2.19) are shown. 



4. RESULTS 

 64

 

An average amount of wind transported snow computed from the model for the study period of 52 days 

with the weather data from Akureyri and Vaðlaheiði is 0.008 kg/(ms) and 0.25 kg/(ms) respectively. The 

sum of the snow drift through a face of 1 meter width obtained by the model for the period is 96 547 kg 

and 1 143 900 kg for Akureyri and Vaðlaheiði respectively (in average 1860 and 22000 kg per day 

accordinly). 85% of this is transported in the suspension layer according to the data from Akureyri, but 

the proportion rises up to 98% with data from Vaðlaheiði. The flux in the suspension layer increases 

remarkably when the wind reaches 15 m/s. This is seen on results with both data sets. 

 

As seen on the results above the snow drift flux increases exponentially with the wind speed. Calculating 

average values of the snow drift for longer periods of time it thus not reasonable. In addition the average 

wind speed increases by 4.1 m/s between the station. Wind conditions on the glaciers at an altitude of 

1000 m a.s.l. as likely to be still clearly different. The in situ wind direction and strength data, and the 

surface conditions need to be known to make further conclusions about the rate of accumulation and 

erosion due to the snow drift on the area. 

 

                                                                                                                                                                                   
1 Computed average snow thickness is 180 cm (Chapter 4.2.3). The density of 445 kg/m3 (Table 4.1) is applied to 
obtain the water equivalent. 
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Figure 4.8 Wind speed at the weather stations in Vaðlaheiði and Akureyri, the relative humidity applied 
to the altitude of 1000 m a.s.l, together with the rate of snow transport and sublimation in the saltation 
and suspension layers 15th of October 2002 – 30th of April 2003. The calculations are based on 
formulations in Liston and Sturm (1998) and data from the weather stations in Vaðlaheiði and Akureyri. 

 

4.4 The evaporation/ condensation/ sublimation on the snow 
surface 

 

The calculations of the surface mass transfer processes are made with data from Akureyri and Vaðlaheiði, 

the weather stations at altitudes of 23 and 580 m a.s.l (Figure 1.4 and Table 3.1) for the accumulation 

period from 15th of October to 30th of April 2003 (Chapter 4.1). In addition to the rate of mass transfer on 

the  surface  also  the  wind  speed  at  the  weather  station  and  temperature,  vapour  pressure  and  relative  

humidity applied for the altitude of glaciers (Chapter 2), and calculated latent heat fluxes on the glacier 

surface are shown on the Figure 4.9. 
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Table 4.5 Calculated cumulative 
sum of evaporation and 
condensation on the glacier 
surface (kg/m2). The negative sign 
refers to the condensation. 

Source of 

data 

15.10.-

5.12.2002 

15.10.2002-

30.4.2003 

Akureyri -26.53 -72.80 

Vaðlaheiði -25.87 -49.23 

 

 

 

Results from the calculations indicate that there is more 

condensation than evaporation on the glacier surfaces at the 

altitude of 1000 m a.s.l (Table 4.5 and Figure 4.9). 

 

Assuming constant mixing ratio in the lifted air mass the 

relative humidity applied to the altitude of the ELA (1000m 

a.s.l.) exceeds 100% (Fig 4.9). This is the case for 82% of the 

study period according to the data from Vaðlaheiði and 93% 

according to the data from Akureyri (wind direction from 

lowlands assumed). That is against the assumption made before that the air mass does not reach the 

saturation vapour pressure. Therefore assuming constant mixing ratio with altitude change is not valid for 

most of the study period. 

 

 
 

Figure 4.9 Vapor pressure, relative humidity (the relative humidity obtained assuming constant mixing 
ratio with altitude exceeds 100% 80– 90 % of the period here), temperature applied to the altitude of 1000 
m a.s.l. and the wind speed at the weather stations in Vaðlaheiði and Akureyri, and the calculated latent 
heat flux and mass transfer for the autumn period 2002 defined for this study. 
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Table 4.6 Condensation (kg/m2) in average 
climatic conditions applied to the 
Kambsjökull- glacier. Average conditions 
for the period of 52 days in autumn 2002 
and the period of 195 days in winter 2002-
2003 are considered. 

 
Per day 

(kg/m2) 

Sum for 

the period 

(kg/m2) 

15.10.- 5.12.02 0.65 34 

15.10.02- 30.4.03 0.44 80 

 

Thus with the data available for this study it is more relevant to calculate a value of mass transfer on the 

snow surface by using average values for the meteorological parameters. With the average wind speed 

(8.2 m/s) and average vapour pressure (4.81 mbar) during the autumn period 2002 from Vaðlaheiði 

applied to the altitude of 1000 m a.s.l. the equation 2.19 becomes 

 

)*/(65.0/86400*/100*
/2849000

)22.481.4(*/2.8*002.0*2.22 2 daymkgdaysmbarPa
kgJ

mbarsmE   (4.1) 

 

This corresponds to 34 kg/m2 of condensation during 

the autumn period. Applying wind speed of 18m/s in 

the Equation 4.1 gives condensation of 1.43 

kg/(m2*day). The average wind speed 9.0 m/s for the 

whole winter period (15th of October 2002– 30th of 

April 2003) at the station in Vaðlaheiði  and  the  

average vapour pressure and saturation vapour 

pressure applied to the altitude of the glaciers (4.56 

mbar and 4.20 mbar respectively) gives E= -0.44 

kg/(m2*day). This corresponds to condensation of 

~80 kg/m2 for the whole period. 

 

The southerly winds coming from highland bring dry air masses to the study glaciers. In that case the 

probability of condensation occurring on the glacier surface reduces while evaporation and sublimation 

are becoming more likely mass transfer processes. 

 

4.5 The sublimation mass transfer from the drifting particles on 
the glaciers 

 

The rate of sublimation from the drifting snow particles was calculated with a model (Appendix 5) based 

on the formulations in Liston and Sturm (1998). The rate of sublimation in the average conditions of the 

study period; temperature -1.8 °C and relative humidity 99 %, and wind speed 8 and 18 m/s is 0.29 and 

9.17 kg/m2 per  day respectively (Table 4.7).  This  is  about  40 % of  the rate  of  accumulation/  erosion of  

snow drift in the range of the wind speeds studied here (Chapter 4.3). The amount of sublimation 

indicated by the model for the autumn study period (15th of  October  –  5th of December 2002) is 116.2 

kg/m2 by using data from weather station in Vaðlaheiði (Figure 4.8). The water equivalent of the snow 
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pack at 1000 m a.s.l. on Kambsjökull in December 2002 was about 730 kg/m2 (Table 4.4). Thus in 

conditions when the drifting or falling snow particles are accumulating on the glacier surface sublimation 

from the particles reduces remarkably the mass eventually accumulating on the surface. 

 

The sublimation was estimated also from the Figure 2.11 that is based on the same theories. The relative 

humidity on the study area is above 90% except approximately ten days with lower humidity during the 

autumn period of 52 days (Fig 4.8). The temperature applied to the altitude of the study glaciers (~1000 m 

a.s.l.) from the data at Akureyri and Vaðlaheiði for the study period is varying between –20 °C and 0 °C 

(Fig. 4.9). Thus based on the figure 2.11 on the days with wind speed of 8 and 18 m/s a rough estimate of 

sublimation from the drifting snow particles with a fetch distance of 500 m is 2.2 kg/m2 and 14.7 kg/m2 

respectively per day. 

 

4.6 Summary of the results 
 

 According to the weather data from the lowland weather stations snow started to accumulate on 

the study glaciers and contribution of run-out of melt-water became negligible from the 15th 

October 2002. 

 Snow accumulation gradient versus altitude measured on Kambsjökull in April 2003 is eight 

times stronger compared to the one observed in December 2002. The MBT model does not follow 

the change. The water equivalent observed on Kambsjökull in April at 1000 m a.s.l. is 277 kg/m2 

more compared to the MBT output at the altitude for the corresponding period of accumulation 

(Fig. 4.5A). 

 The observed accumulation gradient on Gljúfurárjökull- glacier in May 2003 is up to seven times 

stronger compared to the ones observed on Bægisárjökull- and Hálsjökull- glaciers for the same 

period of accumulation. The computed (MBT) mass-balance for the same accumulation period 

lies between the gradients observed on the field. The observed water equivalents and computed 

(MBT) mass balance at 1000 m a.s.l. differ by 189, -147 and –159 kg/m2 on Gljúfurárjökull, 

Bægisárjökull and Hálsjökull respectively (Fig. 4.5B) 

 The mass balance values on Hálsjökull and Bægisárjökull is relatively bigger in the lower parts of 

the glaciers and less in the upper parts in comparison with the MBT modelling (Fig. 4.5B and 

Table 4.2). 
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 Correcting the observed water equivalents on Kambsjökull (April 2002) and Gljúfurárjökull (May 

2003) by the amount of run-out of melt water indicated by MBT model does not change the 

results considerably (Fig. 4.5C-D). 

 The simulation of accumulated precipitation with MM5 modelling system gives 200 kg/m2 more 

precipitation than what was observed on Kambsjökull in December 2002 (Table 4.4). 

 The average snow accumulation defined on Kambsjökull by GPS measurements (800 kg/m2) 

corresponds to the average accumulation observed with the probings and snow pits. 

 Calculations of the mass transfer processes on the snow surface of the study glaciers indicate the 

accumulation/erosion and condensation on the surface to be the most important factors affecting 

on the accumulated snow in conditions with moderate wind, but the snow drift becomes more 

important with strong winds (Table 4.7). 

 The flux in the suspension layer increases remarkably when the wind reaches 15 m/s (Fig. 4.8). 

85% of snow transport during the study period occurs in the suspension layer according to the 

data from Akureyri, but the proportion rises up to 98% with data from Vaðlaheiði (stronger wind 

speeds). 

 The rate of sublimation from the air borne snow particles is about 40 % of the rate of 

erosion/accumulation of snow drift in this range of wind speeds. For the study period of 52 days 

the amount of sublimation is 116 kg/m2. 

 

Table 4.7 Estimates of the contribution of snow drift, condensation and sublimation from the drifting snow 
particles with moderate and strong winds by using methods described in the chapter 3.5. The mass values 
consider a 24h period on Kambsjökull- glacier in autumn 2002. 

 

ACCUMULATION/ 
EROSION BY 
WIND2 

(kg/m2) 

CONDENSATION 
(RIME 
FORMATION) 
(kg/m2) 

SUBLIMATION 
FROM THE 
DRIFTING 
PARTICLES3 
(kg/m2) 

SNOW 
DRIFT 
FLUX (kg/m 
per day) 

AVERAGE DAY 
(8.2m/s) 0.7 0.7 0.3 345.6 

STORMY DAY 
(18m/s) 25.9 1.43 9.2 12960 

 

When looking at the table it is to be taken in the consideration that the snow drift and thus the sublimation 

from the drifting particles occurs only when the shear stress by the wind on the snow surface exceeds the 

surface shear strength and that there is snow on the surface to drift. According to the data in figure 4.8 the 

strength of the wind is sufficient most of the study period. Male (1980) suggests that the snow drift 

                                                        
2 Transport face 500 meters and accumulation area 0.25 km2. 
3 Fetch distance 500 meters. 
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conditions occurs 30% of the winter months on the open snow covered areas in the northern hemisphere. 

Due to changes in the wind direction and the exponential relation between the wind speed and the snow 

transport makes it less convenient to apply transport rates based on average wind speeds for long periods 

of time. 
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5 Conclusions 
 

Snow accumulation was measured on Kambsjökull-, Gljúfurárjökull-, Hálsjökull- and Bægisárjökull- 

glaciers, which are cirque glaciers on Tröllaskagi- and Flateyjarskagi- peninsulas in central Northern 

Iceland (Fig. 1.4). This was done by snow depth probings and snow pits during the winter 2002-2003. In 

addition to the measurements considering the snow accumulation of the whole winter period the 

observations on Kambsjökull- glacier were done also in December 2002. There the average snow 

accumulation was computed in addition from the observed difference between surface altitudes measured 

by a differential GPS in August and December 2002. 

 

As a comparison the accumulated precipitation was simulated on the area with an atmospheric modeling 

system MM5 and the mass balance was computed with a degree-day mass balance model MBT. 

Quantities of mass transfer processes affecting on the snow accumulation on the glaciers, i.e. snow drift, 

evaporation, condensation and sublimation, where computed applying wind, temperature and humidity 

data from the closest permanent weather stations. The altitude difference was taken into account. 

       

The observed snow accumulation gradients versus altitude on the study glaciers varied from each others 

even by a factor of eight (Fig 4.3). Differences were observed both on the gradients measured on 

Kambsjökull-glacier at different times of a year and on the gradients observed on different glaciers of the 

study area at the same time of the year. 

 

The average snow accumulation computed from two sets of GPS-measurements done on Kambsjökull- 

glacier in the beginning of the accumulation season, in August, and in December agrees with the 

accumulation being about 800 kg/m2 computed for the ELA (the equilibrium line altitude) for the same 

accumulation period using the snow pits and snow depth probings (Table 4.4). According to Humlum 

(1998; 2002) the accumulation at the ELA is a good estimate of the average accumulation on a glacier. 

The snow accumulation observed at the ELA on the study glaciers for the whole winter period 2002-2003 

varies between 1250- 1600 kg/m2. 

 

The previously used maps of annual precipitation from 1970s (Eythorsson and Sigtryggsson, 1971) 

suggest an annual precipitation slightly more than 1600 kg/m2 on the study area (Fig.1.1). On the other 

hand the simulated accumulated winter precipitation from the atmospheric mesoscale modeling system 

MM5 for Kambsjökull for the period of just 52 days in autumn 2002 is about 1000 kg/m2. The 
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accumulation measured for this study in winter 2002-2003 (1250- 1600 kg/m2) is around the same amount 

of magnitude as the annual average precipitation according to the old precipitation map (Eythorsson and 

Sigtryggsson, 1971). This supports the assumption of the high importance of snow drift and other factors 

increasing the snow accumulation on the glaciers in addition to the precipitation. The snow accumulation 

observed in the autumn period corresponding the MM5 simulation period is about 800 kg/m2. The 

simulated precipitation being 1000 kg/m2 raises a question that maybe the snowdrift is not as vital for the 

snow accumulation on the glaciers as was assumed. 

        

The MM5 model was run down to a grid of 3 km. Obviously a bigger accuracy is needed to receive more 

reliable results on the glaciers being less than 10 km2 of their area. However the MM5 simulation is based 

on up-to-date input data and more developed methods than the precipitation maps computed in the 1970s 

and gives thus more reliable estimation about the precipitation on the area. 

 

The observed water equivalent gradients vary around the values obtained with the degree-day model 

MBT. The MBT model computation indicates that melting followed by run-off of melt water has occurred 

in the lower part of the glaciers during the study periods (Table 4.3). After all taking the run-off into 

account does not explain the strong change of the accumulation gradient observed on Kambsjökull 

between December 2002 and April 2003, and between the study glaciers in May 2003 (Fig. 4.5C). 

       

Bruland and Liston (2004) concluded in their mass balance studies in Central Norway that 27% of the 

accumulated precipitation is removed from a glacier surface by sublimation and 13% by snow drift. The 

computations of the rate of snow drift and sublimation in this study are based on the same theories. The 

table 4.7 shows how the contribution of snowdrift becomes more relevant with increasing wind speed in 

relation to the condensation on the surface. The rate of sublimation is about 40 % of the rate of 

accumulation/erosion of the drifting snow over the studied range of wind speed. For the autumn period of 

52 days the computed amount of sublimation in Vaðlaheidi is 116 kg/m2. This is in average 15 % of the 

observed snow accumulation on Kambsjökull (Table 4.4). This can partly explain the difference between 

the simulated precipitation (MM5) and the accumulation observed on the Kambsjökull- glacier in autumn 

2002. 

 

On a single stormy day with wind speed of 18 m/s circa 13000 kg of snow is estimated to be transported 

through a vertical surface of one meter width perpendicular to the wind direction (Table 4.7). The snow 

accumulates as the wind speed decreases. This is the case at the location of the study glaciers where the 

steep mountain slopes surrounding the glaciers lifting the inflowing air cause turbulence or when the wind 
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direction is from the side of a valley over the mountains having the glacier on the lee side. If the drifting 

snow on the stormy day is assumed to accumulate on the sides and depressions of the glacier on an area of 

0.25 km2 and  the  vertical  surface  where  the  snow  drift  enters  the  area  is  500  meters  wide  the  

corresponding accumulation is 26 kg/m2 for the day. On the other hand with the average wind speed 8.2 

m/s measured at Vaðlaheidi (580 m a.s.l.) with the similar settings as above 0.7 kg/m2 is estimated to 

accumulate during a day. These are 4 and 0.1 % respectively of the average thickness of the snow pack on 

Kambsjökull- glacier at 1000 m a.s.l. in December 2002. The rate of erosion of snow can be considered 

similarly. This is the case on the wind-exposed areas. The computations considers only snow drift fed by 

the snow eroded from the surface and does not take the redistribution of falling precipitation into account 

that may be a remarkably more important factor. 

 

Following the argumentation above explaining the variation of the observed mass-balance gradients 

between the glaciers (Fig 4.5) by snowdrift requires long periods of strong winds from a favoring 

direction. The same applies also when considering the existence and location of the whole glaciers. The 

increase of snow depth towards the sides and at concave curvatures of the glaciers is another evidence of 

the wind redistributing the snow. The effect of redistribution of snow can also be seen on photographs of 

the glaciers (Appendix 2). 

 

The rime and surface hoar formation estimated using the average values of wind speed and vapor pressure 

from Vaðlaheidi applied to the altitude of 1000 m a.s.l. is 34 kg/m2 for the autumn study period of 52 days 

(Table 4.6). That is 4% of the observed accumulation. This corresponds well with the observations of 

Linkletter and Warburton (1976) on the Ross Ice Shelf on the Antarctica, where they observed rime and 

surface hoar formation to contribute 5-10% of the annual accumulation. Naturally these two study areas 

are not comparable due to the strongly different climatic environment. 

       

The results show that the rate of snow drift and sublimation are strongly influenced by changes in wind 

speed (Figure 4.8). The Figure 2.7 shows how the transport rate of snow increases by a factor of around 

100 in a wind speed range of 5-20 m/s. In addition the direction of wind and thus also the direction of 

transport of snow varies. On the figure 4.8 also the influence of the relative humidity on the rate of 

sublimation can be seen clearly. The assumption of constant mixing ratio in a lifted volume of air was 

used to estimate humidity on the glaciers. The assumption includes a clause that the air particles do not 

reach saturation point while lifting. Assuming wind from the lowlands led to a situation where the lifting 

caused the air particles to reach saturation point for more than 50% of the study period (Fig. 4.8). 

According to that sublimation/condensation occurs on the majority of days of the study period on the 
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glacier and vapor pressure is more difficult to determine. On the other hand the wind from south over the 

highlands bring dry air masses to the area changing the conditions on the glaciers remarkably. More 

detailed studies and in situ weather observations are needed to define more realistic weather conditions 

and therefore more accurate estimates of local mass transfer quantities on the glaciers. Due to the 

uncertainties the values in the table 4.7 have just a trend-giving value considering the snow accumulation 

on the glaciers. An average rate of snow drift for the whole study period is not considered to be relevant 

to estimate here because of the strong dependency on the local wind and surface conditions. A more dense 

set of snow depth probing and further studies on surface curvature and wind field are needed to define the 

snow drift pattern on the glaciers more in details. 

 

The same model parameters (Table 2.2) and stations giving the source data were used in the MBT model 

to compute the mass balance on the four study glaciers, because the climatic parameters (temperature, 

vapor pressure, wind speed) affecting on the local precipitation and surface mass transfer processes on the 

glaciers are difficult to estimate without in situ measurements on the field site. Local differences caused 

for example by the topography within the study area (an area of 2500 km2) are likely. This can possibly 

explain some of the observed snow accumulation variation between the glaciers and between the MBT 

computation and the observations. 

       

The dominating wind direction at the permanent weather stations close to the study area is from northeast, 

especially when there is snow precipitation (Figure 3.3). Majority of the redistribution of snow happens 

when there is snow precipitation combined with wind. Thus the northwards facing locations of the study 

glaciers (Appendix 1) are ideal collecting the drifting snow. According to Björnsson (1972) the summer 

balance of the glaciers in Northern Iceland is strongly influenced by the net radiation and therefore the 

orientation of the glaciers is in great importance for the glaciers. On days that are overcast (The annual 

mean (1961-1970) for Akureyri is 196 days, (Einarsson, 1984). The value is likely to be higher on the 

mountains.) the long wave radiation and the turbulent fluxes become important factors on the ablation in 

comparison to the direct solar radiation. 

 

Looking at the figure 5.1 shows how the altitude of glacier is mainly snow and ice free except the 

depression where the glacier is located. It seems possible that the average precipitation computed with 

MM5 modelling system on the area is overestimated, even if it is more reliable compared to the 

precipitation maps used before (Figure 1.1). There can be variation in the local precipitation field that can 

not be detected by the 3 km resolution used in the MM5 simulation. The snow is eroded on the mountain 

tops and open areas and transported to the areas with decreasing wind speed. These factors are the most 
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likely ones to explain the snow accumulation pattern on the area. Differences between the surface mass 

transfer processes between the glaciers and the surroundings are not likely to be remarkable. 

 

This study shows that the existence of the glaciers on the study area is supported by a rate of precipitation 

that is in fact stronger than previously assumed, but the locations of the glaciers are favored by the local 

wind fields accumulating snow at the locations. 

 
Figure 5.1 Kambsjökull seen from south in August 2004 (Johan W. Holst). 
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Appendix 1 Maps of the study area 
 
 

 

 

 

 

 

 

 

 
Figure 1-1. The study area. Maps of the areas marked on the map (A-D) are shown on the next pages. 
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Map D
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Appendix 2 Pictures of the study glaciers 
 
 

 
Figure 2-1. Kambsjökull seen from south in August 2004 (Johan W. Holst). 

 
Figure 2-2. Kambsjökull seen from north-west in August 2004 (Johan W. Holst). 
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Figure 2-3. Bægisárjökull seen from north-west in August 2000 (Oddur Sigurðsson ) . 

 
Figure 2-4. Kambsjökull on the right seen from north-west in August 2000 (Oddur Sigurðsson ) . 
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Figure 2-5. Hálsjökull seen from north in August 2000 (Oddur Sigurðsson ). 

 
Figure 2-6. Gljúfurárjökull seen from north in August 2000 (Oddur Sigurðsson ) . 
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Appendix 3 The average threshold value between the snow 
precipitation and rain 
 
 
 
 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 
Figure 3-1. The average threshold value between the snow 
precipitation and rain in Iceland based on observations at 9 
and 18 UTC for the years 1970-1999 (Haraldsdóttir, 2004) 
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Appendix 4 Under-catch of precipitation gauge 
 

Errors on precipitation measurements are a commonly recognized problem. During windy winter 

conditions the measured precipitation may be less than 50% of the real amount of precipitation. The 

aerodynamic effects are not the only error source on precipitation measurements, but at most of the 

stations the most serious one (Førland et.al 1996). For the precipitation data used in this study a correction 

model (Eq. 4-1 and 4-2) that was developed to estimate true precipitation from the precipitation data 

gained by using a Norwegian precipitation gauge under Arctic conditions (Hanssen-Bauer et al., 1996) 

has been applied. 

 

gTgvgTgv
esk

**007147.0*009064.0*14883.004816.0
    (4-1) 

 

gvIgvI
elk

*043931.0)ln(**018177.0)ln(*00101.0042303.0
    (4-2) 

 

where ks and  kl are the correction factors for solid and liquid precipitation respectively, vg is the wind 

speed (m/s), Tg the temperature and I the intensity of rain (mm/h). A correction factor defined for a period 

of 15.10.-5.12.02 at the precipitation stations in Þverá í Dalsmynni (437) is 1.3 and for the period 15.10-

17.4. 1.6. Recommended values (Sigurdsson, 1990) used in (Jóhannesson et al., 1995) for the data at 

Hveravellir in the Central Iceland are 1.32 and 2.0 for rain and snow respectively. In comparison on 

Svalbard the factor is estimated to be 1.15 for rain and 1.85 for solid precipitation (Førland and Hanssen-

Bauer, 2000). 
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Appendix 5 The snow drift and sublimation models 
 

PROGRAM A CALCULATING THE RATE OF SNOW DRIFT AND SUBLIMATION 
OF THE DRIFTING PARTICLES 
 
clear all; 
close all; 
 
%A program to estimate the rate of snow drift and sublimation mass transfer 
from blowing particles on a glacier surface, here with data from Vaðlaheiði 
at the altitude of 580 m a.s.l (data for every hour). Following the theories 
presented in the Chapter 2. 
 
 
PART 1 INPUT DATA 
 
%loadin data 
load c:\Gradu\vedurdata\vadla0203.DAT 
 
%data at the station used for the period from 15th of October 2002 to 30th of 
April 2003: num2- number of the datapoint, rh2 - relative humidity (%), vp2 - 
vapour pressure (mbar), u2 - wind speed (m/s), t2 - temperature (celcius 
degreece) 
 
%Period between 15.10.02 - 30.4.03 
num2=vadla0203(6498:11249,1); 
rh2=vadla0203(6498:11249,8); 
vp2=vadla0203(6498:11249,9); 
u2=vadla0203(6498:11249,11); 
t2=vadla0203(6498:11249,7); 
 
%Wind speed (m/s), temperature (K) and relative humidity (%) at 2 m 
wind=u2; 
air_temp=t2+273.16; 
rel_hum=rh2 
 
 
PART 2 CONSTANTS 
 
%Height of observations (m) 
level=2; 
 
%Densiyt of ice p_i (kg/m^3) 
p_i=900; 
 
%Density of air p_a (kg/m^3) 
p_a=1.316; 
 
%Von Kármán´s constant k 
k=0.4; 
 
%g=gravitional acceleration (m/^2) 
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g=9.81; 
 
%Molecular weight of water (kg/kmol) 
M_w=18.01; 
 
%Universal gas constant (J/(kmol*K)) 
R=8313; 
 
%Thermal conductivity of the atmosphere (J/msK) 
lamda_t=0.024 
 
%Latent heat of sublimation (J/kg) 
H_s=2838000; 
 
%Gas constant for dry air R_d (J/(deg*kg)) 
R_d=287; 
 
%Kinematic viscosity of air v (m^2/s) 
v=1.3*10^-5; 
 
%Snow-particle albedo alfa_p (Schmidt 1972) 
alfa_p=0.5; 
 
%Snow cover surface albedo 
alfa_s=0.8; 
 
%Lattitude L 
L=65.57*pi/180; 
 
%Lattitude of the Tropic of Cancer 
L_t=23.45; 
 
%Gregorian day 
d=300; 
 
%The day of the summer solstice d_r 
d_r=173; 
 
%The average number of days in a year d_y 
d_y=365.25; 
 
%Solar dectination angle SA 
SA=L_t*cos(2*pi*((d-d_r)/d_y)); 
 
%The hour angle measured from local solar noon A 
A=0; 
 
%Solar elevation angle sola, sin(sola)=K 
K=sin(SA*pi/180)*sin(L)+cos(SA*pi/180)*cos(L)*cos(A*pi/180); 
 
%Fraction of cloud cover F 
F=0.5; 
 
%Sky transmissity 
Y=(0.6-0.2*K)*(1-0.5*F); 
 
%Solar irradiance at the top of the atm S (W/m^2) 
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S=1370; 
 
%Incoming solar radiation which reaches the surface of the earth (W/m^2) 
S_i=S.*Y.*K; 
 
 
PART 3 HUMIDITY ON THE GLACIER 
 
%Relative humidity on the glacier (Chapter 2.6.2) 
 
%Saturation vapour pressure related to a temperature (lowland) 
vps=6.11.*exp((2500000/461).*((1/273)-1./(air_temp))); 
 
%Temperature on glacier 
%dif=altitude difference between the weather station and the glacier in 100m 
dif=4 
t2g=air_temp-0.65*dif 
 
%Saturation vapour pressure related to a temperature on the glacier 
vpsg=6.11.*exp((2849000/461).*((1/273.16)-1./(t2g))); 
 
%Vapour pressure of air with mixing ratio g-glacier, s-station 
 
%Pressure of air 
Ps=1000; 
Pg=Ps*exp((g*dif)/(R*(mean(t2g-273.16)))); 
 
%Number of observations for the period is 4752 
for i=1:4752; 
    for j=1:2; 
        %a is the saturation vapour pressure on the glacier vpsg, b(:,2) is 
the vapour pressure on the glacier vpg  
        a(i,1)=vpsg(i,1); 
        b(i,1) = vp2(i,1)*(Pg/Ps); 
if b(i,1) >= a(i,1); 
    b(i,2) = a(i,1); 
else b(i,2) = b(i,1); 
end; 
end; 
end; 
 
vpg=b(:,2); 
 
%Relative humidity on glacier(%) 
RHg=100*vpg./vpsg; 
 
 
PART 4 CALCULATING FRICTION VELOSITY AND ROUGHNESS LENGTH   
 
    Qsusp=zeros(1,4752); 
         Qsalt=zeros(1,4752); 
         Qloss=zeros(1,4752); 
         air_temp=t2g; 
         rel_hum=RHg; 
         Subsusp=zeros(1,4752); 
    Subsalt=zeros(1,4752); 
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%****************************************************************** 
 
%construct a logirithmic height scale z 
 z=exp((0:0.01:4))-1; 
     
%Calculating a value of friction velocity (ustar), roughnesslength (z0), snow 
drift flux in saltation and suspension layers (Qsalt and Qsusp respectively) 
 
   j=1; %increasing with time  
   while j<=length(wind) 
       
   % Check, if the wind speed is zero, no further compilation needed    
     if wind(j)<=0    
        Qsusp(j)=0; 
        Qsalt(j)=0; 
         Qloss(j)=0; 
         air_temp(j)=air_temp(j); 
         rel_hum(j)=rel_hum(j); 
         Subsusp(j)=0; 
      else 
       
%Wind speed at ten meters height at the cessation of snow drift u_t10 
(Jaedicke 2001) 
u_t10=2; 
 
% friction velocity and roughness length by iterative solution of equations 
2.5 and 2.7 
   C=0.12; %Liston and Sturm (1998) 
     
         if isfinite(wind(j))==1 
    z0_it=0.1; 
    stable=1; 
          i=2; 
       while stable~=0 
   ustar_it(i)=(wind(j)*k)./(log(level./z0_it(i-1))); 
     z0_it(i)=C*ustar_it(i).^2/(2*g); 
              stable=ustar_it(i)-ustar_it(i-1); 
             i=i+1; 
         end;          
           ustar=ustar_it(end); 
           z0=z0_it(end); 
           clear ustar_it 
               clear z0_it 
          else 
            ustar=0;    
            z0=0; 
    end 
          ustar_out(j)=ustar; 
          z0_out(j)=z0; 
           
 
PART 5 TRANSPORT RATE (Qsalt) AND REFERENCE-LEVEL MASS CONCENTRATION (Cref) 
IN THE SATLATION LAYER 
 
%Threshold shear/friction velocity (m/s) 
u_tf=k*u_t10/log(10/z0); 
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%Following Pomeroy and Gray (1990) the horizontal velocity of the saltating 
particles u_p (m/s) is proportional to the threshold friction velocity u_tf 
and is constant with height 
u_p=2.8*u_tf; 
 
%In a flow with the friction velocity ustar the initial vertical velocity 
given by shear stress is of the same order of magnitude. Thus the maximum 
height of a saltated particle in the flow and thus also the maximum height of 
the whole saltation layer h_s is of order of (ustar^2)/(2*g). Greeley and 
Iversen (1985) cited in Liston and Sturm (1998) suggest that the height of 
saltation layer is: 
 
h_s=1.6*(ustar^2)/(2*g); 
 
%to compare  
zref=h_s; 
 
%Wind speed at 10m u10 (m/s) 
u10=(ustar*log(10/z0))/k; 
 
%Saltation-transport rate/flux Qsalt (kg/(ms)) (Liston and Sturm, 1998, Eq.6) 
 
Qsalt(j)=(0.68/ustar).*(p_a/g).*u_tf.*(ustar^2-u_tf^2); 
 
 %cleaning the negative values 
 if Qsalt(j)<=0; 
    Qsalt(j)=0; 
 else 
    Qsalt(j)=Qsalt(j); 
 end 
 
%Saltation-layer reference-level mass concentration Cref (kg/m^3) when the 
equilibrium is reached. Saltation-layer flux is independent of height (Liston 
and Sturm, 1998) 
 
Cref=Qsalt(j)/(h_s*u_p); 
 
 
PART 6 TRANSPORT RATE (Qsusp) AND MASS CONCENTRATION (Cz) IN THE SUSPENSION 
LAYER 
 
%Logarithmic height scale z 
z=exp((0:0.01:4))-1; 
 
%Wind speed at the reference level 
uref=(ustar/k)*log(zref/z0); 
 
% *******************NOW HEIGHT IS TAKEN IN CONCIDERATION!! ******** 
 
%Beta is a coefficient defined as 0.5 by Kind 1992 cited in (Liston and Sturm 
1998) 
beta=0.5; 
 
%Particle settling velocity s following Schmidt (1982) cited in Liston and 
%Sturm (1998) 
s=0.3; 
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% The scaling parameter following Kind (1992) cited in Liston and Sturm 
(1998) 
             scale=beta*(ustar/uref)*(ustar/s); 
                
         Qsusp(j)=0; 
         air_temp(j)=air_temp(j); 
         rel_hum(j)=rel_hum(j); 
         Subsusp(j)=0; 
   Subsalt(j)=0; 
          
         i=1; %increasing with altitude 
       while i<=length(z) 
             
            % the level/height in suspension layer  
             calclevelsusp=z(i)+zref; 
                
            % Concentration in suspension layer Cz at calclevelsusp including 
the scaling of Kind (kg/m^3)   
            hips=(calclevelsusp/zref)^(-s/(k*ustar)); 
             
            Cz=Cref*(((scale+1)*hips)-scale); %Liston and Sturm (1998) 
             
            % check for negative values 
             if Cz<=0 
                  Cz=0; 
            % if Cz is zero it is zero (no snow transport) all the way up and 
the loop can be stopped!       
              i=length(z); 
              calclevelold=0; 
             else 
                  Cz=Cz; 
             end 
             
            % wind speed at the same level (calclevelsusp(i)) 
             Uz=(ustar/k)*log(calclevelsusp/z0); 
             
            if i==1    
               dz=z0/2; 
               Cz=Cz; 
               Uz=Uz; 
            else 
               dz=calclevelsusp-calclevelold; 
            end 
             
            QsuspZ=Cz*Uz*dz; 
             
            %susupension flux (kg/(ms); 
             Qsusp(j)=Qsusp(j)+QsuspZ; 
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%************sublimation******************* 
 
PART 7            
                
% Mean radius of snow particle r_r (m), depended on height (Liston and 
% Sturm 1998; A-4) 
r_rz=4.6*10^(-5)*(calclevelsusp^(-0.258)); 
 
 
%Coefficient alfa LISTON A-5 
alfa=4.08+12.6*calclevelsusp; 
 
%Mean particle mass m (kg) (Liston and Sturm 1998; A-3) 
m=(4/3*pi*p_i*r_rz^3)*(1+(3/alfa)+(2/(alfa^2))); 
 
%Diffusivity of water vapou in the atm D (m^2/s) 
D=0.0000206*((air_temp(j)/273.16).^1.75); 
 
%Saturation vapor pressure over ice e_s (Pa) 
e_s=610.78*exp((21.875*(air_temp(j)-273.16))./(air_temp(j)-7.66)); 
 
%Saturation density of water vapour p_v (kg/m^3) 
p_v=0.622*(e_s./(R_d*air_temp(j))); 
 
%Radius of snow particle r (m) 
r=(3*m/(4*pi*p_i))^(1/3); 
 
%Undersaturation at the height of the relative humidity observation U_r 
U_r=rel_hum(j)/100-1; 
 
%Relative humidity offset T (%) 
T=1-(0.027*log(level)); 
 
%Undersaturation at calclevel in suspension layer, U (%) 
U=U_r*(T+(0.027*log(calclevelsusp))); 
 
%The mean terminal-fall velocity of suspended snow w (m/s) 
w=1.1e07*r^1.8; 
 
%The fluctuating velocity component has been given by Pomeroy (1988) for 
Prairie snow covers x_r 
x_r=0.005*(Uz.^1.36); 
 
%Ventilation velocity for the case of turbulent suspension V_t (m/s) 
V_t=w+(3*x_r*cos(pi/4)); 
 
%The particle Reynolds number (Re) 
Re_t=2*r*V_t/v; 
 
%Nusselt and Sherwood numbers, Nu and Sh 
Nu=1.79+(0.606*Re_t^0.5); 
Sh=1.79+(0.606*Re_t^0.5); 
 
%Solar radiation absorbed by the snow particle  from above and below, S_p (W) 
S_p=pi*(r_rz^2)*(1-alfa_p)*(1+alfa_s)*S_i; 
 
%The time rate of mass loss from an ice sphere m_l 
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n=2*pi*r*U; 
b=S_p/(lamda_t*air_temp(j)*Nu); 
c=((H_s*M_w)/(R*air_temp(j)))-1; 
e=H_s/(lamda_t*air_temp(j)*Nu); 
f=1/(D*p_v*Sh); 
 
m_l=(n-b*c)/(e*c+f); 
 
%Sublimation loss rate coefficient Wd at calclevelsusp, (Liston and Sturm 
1998; A-2)  
Wd=m_l/m 
 
%Sublimation rate (kg/(m^2*s))in susbension layer AT CALCLEVELSUSP 
subsuspZ=Wd*Cz*dz; 
 
%sublimation in the susbension layer until the height calclevelsusp at the 
moment j 
Subsusp(j)=Subsusp(j)+subsuspZ; 
 
%sublimation in the saltation layer (kg/m^2s) 
if i==1; 
   Subsaltplus=Wd*Cref*zref; 
else 
   Subsaltplus=0; 
   end; 
    
 Subsalt(j)=Subsalt(j)+Subsaltplus;   
 
calclevelold=calclevelsusp; 
   
  i=i+1; 
         end  
  end % end of if asking if wind speed is over zero 
    
  j=j+1; 
end 
       
       
Subsalt=-Subsalt 
Subsusp=-Subsusp 
subloss=Subsalt+Subsusp; 
       
   %Subsalt and Subsusp gets values (kg/m2s) for each hour. The mean and 
maximum values 
   %are given: 
   SubsaltMEAN=mean(Subsalt); 
   SubsuspMEAN=mean(Subsusp); 
   SubsaltMAX=max(Subsalt); 
   SubsuspMAX=max(Subsusp); 
       
   SubMEAN=SubsaltMEAN+SubsuspMEAN; 
       
         %******************************************************************  
  
%To plot 
subplot(6,1,1); 
 plot(num2,wind); 
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    text(6600,25,'580m a.s.l.'); 
    axis([6498 11249 0 30]); 
    title('Wind speed (m/s)'); 
    
subplot(6,1,2); 
 plot(num2,rel_hum); 
    text(6600,75,'1000m a.s.l.'); 
    axis([6498 11249 70 100]); 
 title('Relative humidity (%)'); 
 
   subplot(6,1,3); 
   plot(num2,Qsalt); 
   title('Flux in saltation layer (kg/ms)'); 
   axis([6498 11249 0 0.05]); 
    
   subplot(6,1,4); 
   plot(num2,Qsusp); 
   title('Flux in suspension layer (kg/ms)'); 
   axis([6498 11249 0 1]); 
 
   subplot(6,1,5); 
   plot(num2,Subsalt); 
   title('Sublimation rate in the saltation layer (kg/(m^2*s))'); 
   axis([6498 11249 0 0.0001]); 
    
   subplot(6,1,6); 
   plot(num2,Subsusp); 
   title('Sublimation rate in susbension layer (kg/(m^2*s))'); 
   axis([6498 11249 0 0.0001]); 
    
   %Qsalt and Qsusp gets values (kg/ms) for each hour. The mean and maximum 
values 
   %are given: 
   QsaltMEAN=mean(Qsalt); 
   QsuspMEAN=mean(Qsusp); 
   QsaltMAX=max(Qsalt); 
   QsuspMAX=max(Qsusp); 
    
   %An average amount of transported snow (kg/ms) 
   transpAVE=(QsaltMEAN+QsuspMEAN); 
     
   %average wind speed 
   avewind=mean(u2); 
    
   %average temperature on the glacier 
   tg_cel=t2g-273.16; 
   avetemp=mean(tg_cel); 
    
   %average relative humidity on the glacier 
   averelhum=mean(rel_hum); 
    
   %The sum of sublimation for the period 
   sumsubloss=sum(subloss)*3600; 
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The friction velocity and the roughness length are defined by an iterative solution individually for each 

time-step of the weather observations gained from the weather stations. The starting value for the 

roughness length in the solution is 0.1 m that is a relatively high value for a snow surface (Table 2.1). In 

the iterative solution the equations 2.5 and 2.7 are linked together and the roughness length and the 

friction velocity are found by minimising the separation between the consecutive values of roughness 

length. 
 

Table 5-1. Extreme and mean values for friction velocity and roughness length on Kambsjökull in autumn 
2002 and winter 2002-2003 from a iterative solution included in the model B above with weather data applied 
from a weather station in Vaðlaheiði (3474). 

 
MINIMUM MAXIMUM 

(autumn /winter) 

MEAN 
AUTUMN 

2002 

MEAN 
WINTER 
2002-2003 

FRICTION 
VELOCITY 0.0022 2.9886 / 4.0910 0.4981 0.5686 

ROUGHNESS 
LENGTH 0.0000 0.0546 / 0.1024 0.0025 0.0033 

 
 
 
 

PROGRAM B  CALCULATING THE RATE EVAPORATION/ CONDENSATION/ 
SUBLIMATION ON A SNOW SURFACE 

 
clear all; 
close all; 
 
%program to calculate evaporation/condensation/sublimation on glacier 
%surface, here with data from Vaðlaheiði at the altitude of 580 m a.s.l (data 
for every hour) 
 
%loadin data 
load c:\Gradu\vedurdata\vadla0203.DAT 
 
%data on file vadla0203.dat: num=vadla0203(:,1); date=vadla0203(:,2); 
klo=vadla0203(:,3); yr=vadla0203(:,4); mon=vadla0203(:,5); 
day=vadla0203(:,6); t=vadla0203(:,7); rh=vadla0203(:,8); 
%vp=vadla0203(:,9); d=vadla0203(:,10);u=vadla0203(:,11); 
 
%data at the station used for the period 15.10.2002-5.12.2002: num2 - number 
of the datapoint, rh2 - relative humidity (%), vp2 - vapour pressure (mbar), 
u2 - wind speed (m/s), t2 - temperature (celcius degreece) 
num2=vadla0203(6498:7745,1); 
rh2=vadla0203(6498:7745,8); 
vp2=vadla0203(6498:7745,9); 
u2=vadla0203(6498:7745,11); 
t2=vadla0203(6498:7745,7); 
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%Saturation vapour pressure (mbar) of water related to the temperatures 
lowlans 
vps(:,1)=6.11.*exp((2501000/461.5).*((1/273)-1./(t2+273))); 
 
%Temperature on glacier 
%d=altitude difference (m) between the weather station and the glacier in 
100m 
d=4 
tg=t2-0.65*d 
 
%Saturation vapour pressure (mbar) of ice related to a temperature on the 
glacier 
vpsg(:,1)=6.11.*exp((2849000/461).*((1/273)-1./(tg+273))); 
 
%definig vapour pressure (mbar) of the snow surface on the glacier 
%saturation vapour pressure of melting surface MELT is 6.11mbar 
MELT=6.11; 
ZERO=0; 
 
%Number of hourly observation during the autumn period (15.10.2002-5.12.2002) 
is 1248  
for i=1:1248; 
   for j=1:2; 
      %the first column of a is temperature, 2. is saturation vapourpressure 
of the surfase 
      a(i,1)=tg(i,1); 
      if a(i,1) >= ZERO; 
         a(i,2) = MELT; 
      else 
         a(i,2)=vpsg(i,1); 
      end; 
   end; 
end; 
 
vpg_s=a(:,2); 
 
%Pressure of air 
Ps=1000; 
Pg=Ps*exp((g*dif)/(R*(mean(t2g-273.16)))); 
 
%Vapour pressure of air (mbar) with mixing ratio 
%g refers to the glacier, s to the weather station 
vpg=vp2*(Pg/Ps); 
 
%Relative humidity 
rh2g=100*vpg./vpsg; 
 
%to count hours (sat) when the lifted air reaches saturation point - mixing 
ratio changes - constant mixing ratio applications do not work 
 
%Number of observations for the period is 1248 
for i=1:1248; 
       if rh2g(i) <= 100; 
   b(i) = 0; 
else b(i) = 1; 
end; 
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end; 
 
sat=sum(b); 
 
%Calculating latent heat flux LE (W/m2) on the glacier  
   A=2/1000 
   LE=-22.2*A*u2.*(vpg-vpg_s)*100; 
 
   %rate of evaporation (kg/m2s=mm/s), hourly means 
   E=LE/2849000; 
       
   %evaporation (and condensation)in hour G (mm) and sum of it for the period 
   G=E.*3600; 
   ES=sum(G); 
  
 subplot(6,1,1); 
 plot(num2,vpg,num2,vpg_s); 
      legend('air','surface',0); 
      text(6550,8,'1000m a.s.l.'); 
      ylabel('vp (hPa)'); 
      axis([6498 7745 0 10]); 
      title('Evaporation on glacier surface at 1000m.a.s.l with data from 
Vaðlaheiði 15/10/02-5/12/02'); 
    
 subplot(6,1,2); 
 plot(num2,rh2g); 
      text(6550,80,'1000m a.s.l.'); 
    ylabel('Relative humidity (%)'); 
    axis([6498 7745 50 150]); 
    
 subplot(6,1,3); 
    plot(num2,u2); 
    text(6550,23,'580m a.s.l.'); 
    ylabel('Windspeed (m/s)'); 
    axis([6498 7745 0 30]); 
    
 subplot(6,1,4); 
    plot(num2,tg); 
    text(6550,3,'1000m a.s.l.'); 
    ylabel('Temperature (°C)'); 
    axis([6498 7745 -20 10]); 
       
 subplot(6,1,5); 
    plot(num2,LE); 
    text(6550,65,'1000mm a.s.l.'); 
    ylabel('LE (W/m2)'); 
   axis([6498 7745 -100 100]); 
         
   subplot(6,1,6); 
    plot(num2,E); 
    text(6550,0.00003,'1000m a.s.l.'); 
    xlabel('If E<0 - condensation'); 
    ylabel('Evaporation (mm/s)'); 
    axis([6498 7745 -0.00005 0.00005]); 
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Appendix 6 The weather classification on Iceland 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6-1. Locations of weather stations used for weather class classification (Ívarsdóttir, 2001). 
Bolungarvík circled. 

Table 6-1 Definition of weather types classes (Ívarsdóttir, 2001). 
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Figure 6-2. Average annual frequencies of each weather type for winter, spring, summer and autumn for the 
periods 1899-1929, 1930-1969 and 1970-1998 (Ívarsdóttir, 2001). 

 

 

 
Figure 6-3. Wind direction related to the weather type 11-19 (cyclonic circulation) and 21-29 
(anticyclonic circulation) in Bolungarvík (1994.1999). Wind speed  5 m/s. (Ívarsdóttir, 2001) 
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Figure 6-4. Wind direction related to the weather type 11-19 (cyclonic circulation) and 21-29 
(anticyclonic circulation) in Raufarhöfn (1994.1999). Wind speed  5 m/s. (Ívarsdóttir, 2001) 

A B

 
Figure 6-5. Frequency of precipitation  0.1mm in Boungarvík (A) and Raufarhöfn (B) (1994-1999) (Ívarsdóttir, 2001). 
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Daily precipitation and mean air temperature in 
Torfur winter 2002-2003
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Figure 7-1. Daily precipitation and mean air temperature in Torfur during the winter 2002-2003. 

Temperature in Skidadalur winter 2002-2003 
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Figure 7-2. Temperature in Skiðadalur 140 m a.s.l. 

Appendix 7 Precipitation and air temperature data 
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Daily precipitation and mean air temperature in 
Staðarhóll winter 2002-2003 
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Figure 7-4. Daily precipitation and mean air temperature in Staðarhóll during the winter 2002-2003. 

Daily precipitation and mean air temperature in 
Sauðanesviti winter 2002-2003 
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Figure 7-3. Daily precipitation and mean air temperature in Sauðanesviti during the winter 2002-2003. 
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Appendix 8 Validation of MM5 modeling system 

 

Kambsjökull

Mánarbakki

 
Figure 8-1. A validation of MM5 simulation of accumulated precipitation. Simulation result at the 
locations of two lowland weather stations (Staðarhóll and Mánárbakki) and on Kambsjökull- glacier 
is compared with the observed accumulated precipitation at the locations. 
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Appendix 9 Snow pits and snow depth probings on the 
study glaciers 
 

 
Figure 9-1. The snow pit and the locations of snow depth probings on Gljúfurárjökull. 

 

 
Figure 9-2. The snow pit and the locations of snow depth probings on Hálsjökull. 
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Figure 9-3. The snow pit and the locations of snow depth probings on Bægisárjökull. 

 
 
 
 

Figure 9-4. Snow pits (blue squares) and snow pits (red circles) on Kambsjökull in December 2002 and April 
2003. 
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Appendix 10 Results of the MBT modeling 
Table 10-1. The degree-day mass balance computation results; elevation (m a.s.l.), positive degree-days 
( Cday), precipitation, accumulation, melting of ice, melting of snow, refreezing and mass balance (mw.e.) 
Run-out of mass at each elevation is given as the difference between precipitation and mass balance. 

C o m m a n d :  tm b t  p a ra m 2 .d a t  e 2 .d a t  v a d la 2 0 0 2 d . te m ,v a d la 2 0 0 3 d . te m  d a ls m 2 0 0 2 d .p r e ,d a ls m 2 0 0 3 d .p re  d m 0 2 0 3 A .d a t   
n t,n p =  6 3 8  6 3 8 ,  n e =   1 0 ,  fd , ld =  2 4 4  6 3 8  ;   d is c r e te  d e g r e e - d a y  c o m p u ta t io n s

e lt = 5 8 0 .0 , e lp = 6 0 .0
e lq = 7 5 0 .0 , p k o = 2 .0 0 0 0 0
r k o = 1 .3 2 0 0 0 , s k o = 2 .0 0 0 0 0
s g m = 3 .8 0 0 0 0 , ts n = 1 .0 0 0 0 0
g rt = 0 .6 5 0 0 0 , g r p = 0 .0 7 0 0 0
d d i = 0 .0 0 7 5 0 , d d s = 0 .0 0 5 5 0
s is = 0 .3 0 0 0 0 , r f r = 0 .0 7 0 0 0
d e t = 0 .0 0 0 0 0 , d e p = 0 .0 0 0 0 0

F R O M 1 .1 .2 0 0 2 T O 8 1 .8 .2 0 0 2
e le d d y p r e a c c a b l m e i m e s r e f b a l
7 5 0 1 0 8 1 .9 2 .0 2 9 1 .6 1 3 -7 .6 5 8 6 .0 5 8 1 .6 1 3 0 .0 1 2 - 6 .0 4 5
8 0 0 1 0 1 3 .9 2 .1 0 0 1 .6 9 5 -7 .1 1 4 5 .4 3 2 1 .6 9 5 0 .0 1 3 - 5 .4 1 9
8 5 0 9 4 9 .8 2 .1 7 1 1 .8 0 1 -6 .5 9 3 4 .8 0 6 1 .8 0 1 0 .0 1 4 - 4 .7 9 2
9 0 0 8 8 7 .8 2 .2 4 2 1 .8 6 4 -6 .1 0 0 4 .2 5 2 1 .8 6 4 0 .0 1 5 - 4 .2 3 6
9 5 0 8 2 9 .3 2 .3 1 3 1 .9 3 5 -5 .6 3 4 3 .7 1 4 1 .9 3 5 0 .0 1 6 - 3 .6 9 8
1 0 0 0 7 7 3 .5 2 .3 8 5 2 .0 0 9 -5 .1 8 5 3 .1 9 3 2 .0 0 9 0 .0 1 7 - 3 .1 7 6
1 0 5 0 7 2 0 .0 2 .4 5 6 2 .1 0 7 -4 .7 4 8 2 .6 5 8 2 .1 0 7 0 .0 1 8 - 2 .6 4 1
1 1 0 0 6 6 8 .7 2 .5 2 7 2 .1 6 8 -4 .3 3 7 2 .1 8 8 2 .1 6 8 0 .0 1 9 - 2 .1 6 9
1 1 5 0 6 2 1 .3 2 .5 9 8 2 .2 6 7 -3 .9 5 4 1 .7 0 7 2 .2 6 7 0 .0 1 9 - 1 .6 8 8
1 2 0 0 5 7 5 .9 2 .6 6 9 2 .3 4 1 -3 .5 8 2 1 .2 6 2 2 .3 4 1 0 .0 2 0 - 1 .2 4 2

F R O M 1 .9 .2 0 0 2 T O 1 4 .1 0 .2 0 0 2
7 5 0 2 1 2 .9 0 .2 3 3 0 .1 1 7 -1 .5 6 1 1 .2 7 1 0 .2 9 0 0 .0 0 0 - 1 .4 4 3
8 0 0 1 9 9 .7 0 .2 4 1 0 .1 2 1 -1 .4 5 3 1 .1 4 2 0 .3 1 1 0 .0 0 0 - 1 .3 3 2
8 5 0 1 8 6 .7 0 .2 4 9 0 .1 7 2 -1 .3 3 2 0 .9 5 5 0 .3 7 7 0 .0 0 0 - 1 .1 6 0
9 0 0 1 7 4 .0 0 .2 5 7 0 .1 7 8 -1 .2 2 8 0 .8 3 2 0 .3 9 6 0 .0 0 0 - 1 .0 5 0
9 5 0 1 6 1 .3 0 .2 6 5 0 .1 9 6 -1 .1 2 3 0 .6 9 7 0 .4 2 6 0 .0 0 0 - 0 .9 2 7
1 0 0 0 1 4 9 .0 0 .2 7 4 0 .2 0 2 -1 .0 2 4 0 .5 8 2 0 .4 4 2 0 .0 0 0 - 0 .8 2 2
1 0 5 0 1 3 7 .7 0 .2 8 2 0 .2 1 9 -0 .9 3 1 0 .4 6 3 0 .4 6 8 0 .0 0 0 - 0 .7 1 1
1 1 0 0 1 2 6 .6 0 .2 9 0 0 .2 2 5 -0 .8 4 0 0 .3 5 6 0 .4 8 4 0 .0 0 1 - 0 .6 1 4
1 1 5 0 1 1 6 .6 0 .2 9 8 0 .2 7 0 -0 .7 5 5 0 .2 1 5 0 .5 4 0 0 .0 0 1 - 0 .4 8 5
1 2 0 0 1 0 7 .0 0 .3 0 6 0 .2 8 8 -0 .6 6 8 0 .0 9 9 0 .5 7 0 0 .0 0 1 - 0 .3 8 0

F R O M 1 5 .1 0 .2 0 0 2 T O 5 .1 2 .2 0 0 2
7 5 0 9 .3 0 .6 2 1 0 .6 1 0 -0 .0 1 3 0 .0 0 0 0 .0 5 2 0 .0 3 9 0 .5 9 7
8 0 0 6 .1 0 .6 4 3 0 .6 4 3 0 .0 0 1 0 .0 0 0 0 .0 3 4 0 .0 3 4 0 .6 4 3
8 5 0 3 .8 0 .6 6 5 0 .6 6 5 0 .0 0 0 0 .0 0 0 0 .0 2 1 0 .0 2 1 0 .6 6 5
9 0 0 1 .9 0 .6 8 7 0 .6 8 7 0 .0 0 0 0 .0 0 0 0 .0 1 1 0 .0 1 1 0 .6 8 7
9 5 0 0 .8 0 .7 0 8 0 .7 0 8 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 0 4 0 .7 0 8
1 0 0 0 0 .3 0 .7 3 0 0 .7 3 0 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 0 2 0 .7 3 0
1 0 5 0 0 .0 0 .7 5 2 0 .7 5 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .7 5 2
1 1 0 0 0 .0 0 .7 7 4 0 .7 7 4 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .7 7 4
1 1 5 0 0 .0 0 .7 9 5 0 .7 9 5 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .7 9 5
1 2 0 0 0 .0 0 .8 1 7 0 .8 1 7 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .8 1 7

F R O M 6 .1 2 .2 0 0 2 T O 1 7 .4 .2 0 0 3
7 5 0 4 2 .6 0 .5 0 7 0 .4 9 8 -0 .2 1 6 0 .0 0 0 0 .2 3 4 0 .0 1 8 0 .2 8 2
8 0 0 3 4 .1 0 .5 2 5 0 .5 2 0 -0 .1 5 6 0 .0 0 0 0 .1 8 8 0 .0 3 1 0 .3 6 4
8 5 0 2 7 .1 0 .5 4 2 0 .5 3 8 -0 .0 9 7 0 .0 0 0 0 .1 4 9 0 .0 5 1 0 .4 4 0
9 0 0 2 0 .7 0 .5 6 0 0 .5 5 9 -0 .0 4 6 0 .0 0 0 0 .1 1 4 0 .0 6 8 0 .5 1 3
9 5 0 1 6 .2 0 .5 7 8 0 .5 7 7 -0 .0 1 0 0 .0 0 0 0 .0 8 9 0 .0 7 9 0 .5 6 6
1 0 0 0 1 2 .5 0 .5 9 6 0 .5 9 4 0 .0 0 1 0 .0 0 0 0 .0 6 9 0 .0 7 0 0 .5 9 6
1 0 5 0 9 .1 0 .6 1 3 0 .6 1 2 0 .0 0 1 0 .0 0 0 0 .0 5 0 0 .0 5 1 0 .6 1 3
1 1 0 0 6 .8 0 .6 3 1 0 .6 3 0 0 .0 0 1 0 .0 0 0 0 .0 3 7 0 .0 3 9 0 .6 3 1
1 1 5 0 5 .5 0 .6 4 9 0 .6 4 7 0 .0 0 1 0 .0 0 0 0 .0 3 0 0 .0 3 1 0 .6 4 9
1 2 0 0 4 .5 0 .6 6 7 0 .6 6 5 0 .0 0 1 0 .0 0 0 0 .0 2 5 0 .0 2 6 0 .6 6 7

F R O M 1 8 .4 .2 0 0 3 T O 2 0 .5 .2 0 0 3
7 5 0 3 8 .3 0 .1 6 4 0 .1 6 3 -0 .2 1 4 0 .0 0 0 0 .2 1 1 - 0 .0 0 3 - 0 .0 5 1
8 0 0 3 4 .4 0 .1 7 0 0 .1 6 9 -0 .1 9 1 0 .0 0 0 0 .1 8 9 - 0 .0 0 1 - 0 .0 2 2
8 5 0 3 0 .8 0 .1 7 5 0 .1 7 5 -0 .1 6 9 0 .0 0 0 0 .1 7 0 0 .0 0 0 0 .0 0 5
9 0 0 2 7 .6 0 .1 8 1 0 .1 8 0 -0 .1 5 0 0 .0 0 0 0 .1 5 2 0 .0 0 2 0 .0 3 1
9 5 0 2 4 .3 0 .1 8 7 0 .1 8 6 -0 .1 3 0 0 .0 0 0 0 .1 3 4 0 .0 0 4 0 .0 5 6
1 0 0 0 2 1 .3 0 .1 9 2 0 .1 9 2 -0 .0 9 6 0 .0 0 0 0 .1 1 7 0 .0 2 1 0 .0 9 6
1 0 5 0 1 8 .7 0 .1 9 8 0 .1 9 8 -0 .0 5 6 0 .0 0 0 0 .1 0 3 0 .0 4 7 0 .1 4 2
1 1 0 0 1 6 .2 0 .2 0 4 0 .2 0 3 -0 .0 2 4 0 .0 0 0 0 .0 8 9 0 .0 6 5 0 .1 7 9
1 1 5 0 1 4 .2 0 .2 1 0 0 .2 0 9 -0 .0 0 1 0 .0 0 0 0 .0 7 8 0 .0 7 7 0 .2 0 8
1 2 0 0 1 2 .2 0 .2 1 5 0 .2 1 5 0 .0 0 1 0 .0 0 0 0 .0 6 7 0 .0 6 8 0 .2 1 5
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