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ABSTRACT: Icing on structures occurs as rime ice, clear ice or wet snow 
deposit. Reliable forecasts of duration and intensity of this icing requires 
prognoses of standard meteorological parameters, in addition to more specific 
parameters such as the density (ρLWC) of cloud Liquid Water Content (LWC). 
Icing conditions on the mountain Brosviksåta (723 m a.s.l., 61º 2` N, 5º 9` E), 
on the western coast of Norway were investigated from March 21-24, 2003. 
A nonrotating vertical steel rod mounted on a scale was used to measure the 
accumulated ice load. Air temperature, relative humidity and wind were 
measured at three levels along the mountain slope. The maximum build-up of 
ice, in this case study, was measured to 4.5 kg on a 1 m high 0.14 m diameter 
rod. Comparison of measured ice-growth rate and calculated ρLWC gave a 
correlation coefficient of 0.85.  
A mesoscale atmospheric model (MM5) has also been tested at a high 
horizontal resolution (1km) in order to evaluate its ability to reproduce 
weather conditions where freezing occurs. Comparison from the direct 
measurements and calculations, with results from MM5, gave 58% of the 
measured accumulated ice growth. Further studies of real-time cases on a 
real-time system at a coarser model resolution will reveal its capability for 
forcasting freezing events. 
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1. Introduction 
 
Atmospheric icing has severe economical and technological consequences 
for human activities. It occurs frequently in sub arctic and artic climates as 
well as exposed locations at a certain height above sea level. Convincing 
evidence of its effects comes from the long list of human activities that have 
occasionally been disrupted, such as aircraft operations, telecommunication 
networks, power transmission lines, roads and railways (Poots, 2000). Icing 
directly onto structures occurs as rime ice, clear ice or wet snow deposit. 
Reliable icing forecasts require meteorological data of standard parameters 
such as air temperature, relative humidity, wind speed, wind direction and 
turbulence, in addition to more specific parameters such as median volume 
droplet size and liquid water content of the air masses concerned.  
 
Daily weather conditions along the Norwegian coast are primarily dominated 
by large scale synoptical systems moving in from the west. Large variations 
in weather conditions occur over just a few kilometers due to the fjords and 
coastal mountains creating a complex topography that directly influences 
atmospheric circulation patterns. To give a realistic reproduction of weather 
conditions during icing events, a weather prediction model of high horizontal 
and vertical resolution is necessary.  The mesoscale model MM5 version 
3.6.3 applied in this study (hereafter MM5) is thoroughly tested under such 
conditions and is assumed to give a realistic representation of the 
atmospheric conditions during freezing events. MM5 is the most widely used 
atmospheric research model in the world. The development of this modeling 
system is continuous and improvements are made on a monthly basis. The 
quality of the MM5 forecasts has, through many studies of real-time 
forecasting systems, shown to be as reliable as other atmospheric models in 
most situations (Grell et al., 1994). 
 
Several methods and physical models exist for estimating the flow pattern 
around constructions as well as the shape and formation of ice upon them. 
These methods and models have been mostly concerned with cylinders 
(Chaine and Skeates, 1974, Makkonen, 1984, 1996, Haldar et al., 1996).  In 
the past, a number of experiments have been conducted to establish a 
relationship between atmospheric icing and measured standard 
meteorological parameters (e.g. Ahti and Makkonen, 1982, Makkonen and 
Ahti, 1995, Lott and Jones, 1998, Sundin and Makkonen, 1998). The 
limitations of these methods are that standard (routinely observed) 
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meteorological parameters are necessary but have shown not to be sufficient 
to describe the icing process. Here, a new attempt of establishing a 
relationship between atmospheric icing and routinely measured 
meteorological data has been performed. 
 
The first attempt of applying a numerical boundary-layer model to predict 
LWC for icing calculations was made by Vassbø et al. (1998). They used the 
HIRLAM (High Resolution Limited Area Model) over Finnish topography. 
This was however a study which used very coarse horizontal and, not least, 
vertical resolution. The horizontal resolution was 22 km by 5.5 km. The 
model had only 3 layers below 627 m, which reproduced the planetary 
boundary layer poorly.  
 
The improvement of mesoscale weather prediction models of high horizontal 
and vertical resolution opens for the possibility of being able to forcast icing. 
It was important to establish a relationship between actual in-cloud icing and 
the output from a real-time mesoscale weather prediction model. The 
following task was therefore undertaken: the results from a real-time ice-
monitoring system and the measurements of standard meteoroligical 
parameters at Brosviksåta (723 m a.s.l.) were compared with the MM5 
numerical simulations of the weather conditions. In this study, MM5 applied 
38 layers in the vertical, where 17 of them were placed in the lowest 
kilometer above the ground in order to reproduce realistic results in the 
boundary layer. Icing was measured using an ice scale mounted at the 
mountain peak, in addition to 4 weather stations at 3 different levels leading 
down to 325 m a.s.l.. All stations measured air temperature, relative 
humidity, wind speed and wind direction. Data from a synoptic weather 
station located in the nearby area were also included in the measurement 
dataset.  

 

2. Study site and data 
 
2.1 Measurement setup 
The mountain Brosviksåta (723 m a.s.l., 61º 2` N, 5º 9` E, see also figure 1) 
is situated to the south of the Sognefjorden outlet on the western coast of 
Norway. The mountain faces open sea within the sector SSW to NNW. This 
region is highly affected by the passage of frontal systems moving up the 
North Atlantic Ocean. Air masses related to these frontal systems are often 
humid and have air temperatures favorable for atmospheric icing (-15 < TºC 
< -1) during the winter season (November-April). 



 

Figure 1: Left figure shows the 3 nested MM5 domains within the European region with 
the Atlantic sea on the western boundary of the 9 km domain. The figure on the right 
hand side shows the 1 km MM5 topography along with the coastline. Brosviksåta is 
indicated on the figure with an X. 

The measurement setup consisted of four weather stations (two at 718 and 
one each at 520 and 325 m a.s.l.) and one ice scale (733 m a.s.l.). The 
weather stations were of the conventional type (Aanderaa Instruments, see 
http://www.aanderaa.com), consisting of a rotating cup anemometer for wind 
speed and a typical wind vane sensor for wind direction measurements. This 
equipment is not designed to operate during icing conditions. Nevertheless, 
an icing period could be detected from the time when the anemometer 
stopped rotating and the wind vane remained in a fixed position. 
Measurements from the site showed that the ice accumulation started at 1100 
hrs March 21, while the two anemometers at the mountain top stopped 
rotating at 1750 hrs and 1820 hrs, respectively. In addition, air temperature 
and relative humidity were measured at all levels. The accuracy of the air 
temperature and relative humidity measurements are ±0.1C° and ±2%, 
respectively. The observation interval for all the weather stations was 10 
minutes. In addition, precipitation data from the synoptic station Takle (38 m 
a.s.l.), situated 12 km east of the mountain base, are included. This station is 
operated by the Norwegian Meteorological Institute. 
 
 
Icing was measured by an ice scale, consisting of a 1 m high vertical 
nonrotating steel rod of 14 cm diameter, measuring ice loads of up to 150 kg. 
A laboratory calibration test of the ice scale system gave a precision and 
standard deviation of 0.1 kg and 0.027 kg, respectively (Drage and de Lange, 
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2004). This scale, with a logging interval of 10 minutes, was mounted 10 
meters above the ground on the roof of a building (figure 2). The effect of the 
building on the ice scale was estimated to be negligible. Using a two month 
record at Mt. Brosviksåta with no icing, the precision of the instrument was 
found to be within the range of the laboratory test. During that period the 
wind speed reached more than 20 m/s.   

Figure 2. Ice scale mounted at Mt. Brosviksåta. The length of the cylindrical rod is 1 m and 
the diameter is 14 cm. 
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2.2 Weather prediction model 
The atmospheric mesoscale model MM5 was developed by PSU 
(Pennsylvania State University) and NCAR (National Centre for 
Atmospheric Research). It is a mesoscale modeling system that includes 
advanced atmospheric physics. It is widely used for real-time weather 
forecasts, air quality investigations and hydrological studies (Warner et al., 
1991, 1998, Grell et al., 1994, Mass and Kuo, 1998, Chatfield et al., 1999, 
Chang et al., 2000, Mass et al., 2002). MM5 is based upon a set of equations 
for a fully compressible and non-hydrostatic atmosphere. Consequently it is 
possible to run the model at fine horizontal and vertical scales corresponding 
to the meso γ-scale (O(1)km). 
 
Initial and lateral boundary conditions were obtained from the European 
Centre for Medium-Range Weather Forecasting (ECMWF) model with 0.5 
degree distance between the grid points, and nested down to 9 km, 3 km and 
finally 1 km (figure 1). 38 vertically unevenly spaced full-sigma levels were 
placed in the vertical, with the highest density in the lowest 1500 meters. 
This allows the planetary boundary layer to be well represented in the model. 
MM5 was initiated as a "cold start" with no pre-forecast spin up period or 
assimilation of additional observations. This could however easily have been 
done, but observations are already assimilated into the analysis provided by 
the ECMWF, and we do not wish to use the same observational background 
data twice. By experience, the assimilation of observations would not have 
any large effect in this situation because conventional observation sites are 
sparse both in time and space during the time studied here. 
 
MM5 has a wide variety of different options for the parameterization of sub-
grid processes (Grell et al., 1994). Here, we have applied the turbulence 
scheme based on Hong and Pan (1996), coupled with a simple soil diffusion 
model. For moisture, an explicit scheme was applied, including super cooled 
water, ice, rain, snow and vapour (Reisner et al., 1998). Cumulus 
parameterization based on Kain and Fritsch (1993) was used for the 9 km 
domain, but not for the 3 km and 1 km domains. Topography and land-use 
were derived from the 1 km USGS (United States Geological Survey) dataset 
(Eidenshink and Faundeen, 1998). Finer topography grid was available from 
Norwegian sources. However, in this study the horizontal grid distance in the 
MM5 model was 1 km. A higher resolution would only have been smoothed 
to a 1 km model topography. Regarding the limitations of the physical sub-
grid parameterizations, the 1 km resolution is seen as the present day limit of 
the MM5 system. Further information on the model system can be found in 
Grell et al. (1994).  



 

3. Methods for calculating in-cloud icing 
 
The rate of icing (dM/dt) onto an object is given by the equation  
 VALWC ⋅⋅ρ

dt
dM

⋅= ααα 321    [Kg·s-1]  (1) 

where ρLWC is the density of liquid water content of the air, flowing with the 
wind velocity, V, towards the cross-sectional area, A, of the object. 
Efficiency coefficients α1, α2 and α3 represent processes that reduce the rate 
of icing (Brun et al., 1955, Lozowski, 1983, Makkonen and Stallabras., 1987, 
Finstad et al., 1988). These factors vary between 0 and 1. 
 
3.1 Efficiency coefficients 
α1 represents the collision efficiency of the particles, i.e. α1 is the ratio of the 
flux density of the particles that hit the object to the flux density of particles 
in the cross sectional area upstream of the object. The collision coefficient α1 
becomes less than one when the water droplets moving towards an object 
follow the streamlines around it without colliding. Small droplets, large 
objects and low wind speeds reduce α1. Langmuir and Blodgett (1946), and 
Finstad et al. (1988) conducted a theoretical investigation of water droplet 
trajectories around cylinders. This investigation describes how droplets hit 
the cylinder within a band limited between polar angles –φ and φ (Figure 3). 
The angle φ0 is a function of the droplet radius, cylinder radius, air speed, air 
temperature, and pressure. The equations are empirically fitted to the results 
of the collision efficiency, as given by Finstad et al. (1988) and  Makkonen 
and Stallabras (1987). Here, collision efficiency is taken as being a function 
of median volume droplet diameter, wind speed and cylinder diameter. 
Variation of the collision efficiency is considerable. This theory is only valid 
for cylinders, which often makes it inapplicable in nature. Therefore, this 
theory of estimating the collision efficiency is limited to be valid only in the 
beginning of the ice incident discussed here. During time, the ice will form a 
vane against the wind, in which case the theory for a cylinder becomes 
inapplicable.  
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α2 represents the efficiency of collection of those particles that hit the object, 
i.e. α2 is the ratio of the flux density of the particles that stick to the object to 
the flux density of the particles that hit the object. The collection efficiency, 
α2, is reduced from one when the particles begin to bounce from the surface. 
Particles are considered to have stuck either when they are permanently 
collected or when their residence time is sufficient to have affected the icing 
rate. As an example, the icing rate can be affected when there is heat 
exchange between surface and particle. The collection efficiency is assumed 
equal to 1 for in-cloud icing (Ahti and Makkonen, 1982).  

φ

Figure 3. Air streamlines of droplet trajectories around a cylindrical object

 
α3 represents the efficiency of accretion, i.e. α3 is the ratio of icing to the flux 
density of the particles that stick to the surface. The heat released by freezing 
depends on the wind speed, ρLWC, as well as droplet size and diameter of the 
object. The efficiency of accretion reduces from 1 when the heat flux from 
the accretions is too small to cause sufficient freezing to incorporate all 
sticking particles into the accretion. In such a case, part of the mass flux of 
the particles is lost from the surface by run-off (Makkonen, 1996). At some 
specific ρLWC or wind speed the released heat of freezing will increase the 
surface temperature (Ts) to 0ºC. The minimum value of ρLWC at which Ts 
reaches 0ºC is called the Ludlam limit (Ludlam, 1951).  Ts can be found 
iteratively by solving the equation of the heat balance over an ice surface, 
given by Mazin et al. (2001). However, this shedding of water from the 
surface is often ignored when the air temperature is below 0ºC (Sundin and 
Makkonen, 1998). Thus, α3 is set equal to 1 in this case study. 
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As the wind direction was nearly constant for this case study, the cross 
sectional area of the cylinder was assumed to be constant. The super cooled 
cloud droplets only hit the cylinder on the windward side, creating an ice 
vane facing the wind. This has been confirmed by visual observation. No 
measurements of droplet size were performed during the case study. 
Therefore, by assuming that the number of droplets per volume was constant, 
the droplet size is only correlated to the estimated ρLWC. From equation 1, the 
collision coefficient can be found using the observed ice-growth rate and 
estimates for wind speed and ρLWC:

( )
 

LWCV
dt

dM

ρ⋅⋅

 

A
α =      (2) 

Observations show that the collision coefficient during icing varies from 
approximately 0.04 to 0.13 in this case study (figure 4), with the exception of 
the high values in the beginning of the period, which were associated with 
precipitation. 
 

Figure 4. Measured ice load and calculated collision coefficient based on equation 2, during 
the icing incident March 21 – 24  2003. 
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.2 Determination of cloud base and air temperature 
eeded for estimation of 

 
3
Reliable values for air temperature and humidity are n
water vapor pressure and density of dry air at certain heights above sea level. 
Measurements do not normally exist at any actual icing site, making reliable 
estimates of air temperature crucially important. A lifted volume of air close 
to the slope of the mountain is mixed with ambient air. However, this process 
is assumed to be near adiabatic. Air temperature at different heights for the 
volume of air that is lifted is assumed to follow the function;  

( ) )( 11 zzTzT d −⋅−= γ    ;z ≤ zc  (3.a) 
( 11 cd zzTzT ( ) )() cw zz −⋅−−⋅−= γγ  ;z > zc  (3.b) 

where 1T is the temperature at the lower station, z1  the h f the  and zc is eight o
lower weather station and the cloud base, respectively. γ is defined as –dT/dz, 
where γd is the temperature gradient for unsaturated conditions (below cloud 
base) and γw is the temperature gradient for saturated conditions (inside the 
cloud). Earlier work suggests γw = 0.54 ºC/100m and γd = 0.85ºC/100m 
(Harstveit, 2002). Estimates from measurements at Brosviksåta suggest γw = 
0.62ºC/100m and γd = 0.92 ºC/100m, with standard deviations of 0.07 and 
0.08, respectively (figure 5).  
 

Figure 5. Measured temperature gradients for saturated (left) and unsaturated (right) 
conditions for wind speed above 5 m/s, wind direction in the sector 180 – 45 Deg. Besides 
average gradients (dT/dz), standard deviations and number of samples (Nr. Samp.) are 
given. 
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o exclude situations of high stability and weak mixing in the boundary 

efore the temperature gradients defined above can be used, the height of the 

 
T
layer, a lower wind speed limit of 5 m/s at the weather station at 325 m a.s.l. 
was chosen. Furthermore, only wind directions between South (180º) via 
North to East (45º) were chosen due to large scale turbulence created by the 
topography in the sector 45º – 180º degrees. Based on these criteria the value 
of 0.92 ºC/100m  for unsaturated conditions indicates a slightly stable 
boundary layer, with a vertical temperature gradient less than adiabatic. This 
is consistent with previous observations of a smaller increase in ρLWC with 
height than the adiabatic (Nicholls, 1984, Noonkester, 1984). 
 
 
B
cloud base must be determined. The air temperature and pressure at the lower 
level 1 are T1 and p1, respectively, with mixing ratio w1. This air is cooled by 
lifting at the temperature gradient for dry conditions, γd (defined above), until 
its adiabat intersects the vapor line defined by ws = w1. The air temperature at 
this level is Tc. An analytical approximation for Tc, which must be solved by 
iteration, is given by: 

 
⎥
⎥

⎦

⎤
⎟⎟
⎠

⎞
⎜⎜
⎝

=
k

c
c T

T
wp

BT
1

1

1
ln/      (4)  

where A, B, k are constants, respectively 2.53·108 kPa, 5.42·103 K and 0.286 

⎢
⎢

⎣

⎡ ⎛Aε

(Rogers and Yau, 1989). w, T1, and p1 are known at the unsaturated lower 
level 1. Tc is therefore the air temperature at cloud base. Cloud base height is 
estimated by using the temperature gradients in equation 3 above, either by 
following the gradient for unsaturated conditions from below (3a), or by 
following the gradient for saturated conditions from above (3b). 

 
dγ

dz
c

zTT
z

γ 11 ⋅+−
=    ; zc > z1 (5a) 

 
w

wz z
γc

TT
z

γ 1⋅+    ; zc < z1  (5b) 

.3 Cloud liquid water content 
 mass of water vapour (Mv) per unit mass of 

1 −=

Equation 5a can be used during unsaturated conditions, and equation 5b 
during saturated conditions.  
 
 
3
Mixing ratio w is defined as the
dry air (Md); 

p
e

d

v

d

v ⋅≈= ε
ρM

M
w =

ρ      (6)   
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where p is the air pressur
vapour density, and ρd is t

e, e is the water vapour pressure, ρv is the water 
he density of dry air.  ε is the constant ratio of the 

molecular weight for water vapour and dry air, equal to 0.622. The saturation 
vapour pressure es can be fitted to within 0.1% over the temperature range -
30ºC ≤ T ≤ 35ºC by the empirical formula 

( ) ⎟
⎠
⎞

⎜
⎝
⎛

+
⋅

=
5.243

67.17exp112.6
T

TTes     (7)  

where es is in mb and T in degree
 

r a volume of air 
at is lifted dry adiabatically without any entrainment. In our case, 

s Celsius (Bolton, 1980). 

The mixing ratio defined above is constant with height fo
th
measurements show that the temperature gradient for dry conditions at 
Brosviksåta is 0.92 ºC/100m, while the dry adiabatic temperature gradient, Γ 
= g/cp = 0.98/100m. This gives a difference in the temperature gradients of 
only 0.06 ºC/100m, and the mixing ratio along the mountain slope is 
therefore assumed to be constant with height. This gives the relationship; 

2

2
2

1

1
1 p

ew
p
ew εε ===      (8)  

where the indices 1 and 2 refers to the lower (1) and the upper (2) levels, 
respectively. 

 the mixing ratio at level 2 indicates saturation with respect to 
ater vapour. Based upon the assumption that the total water content of the 

g ratio equals the mixing ratio at unsaturated conditions, in 
is case at the lower le

 and no exchange of water vapor between the 
ir masses and  

 
A reduction in
w
air is constant with height, the total mixing ratio, wtot, is the sum of the 
saturation mixing ratio (ws) and the liquid water content mixing ratio (wLWC) 
at level 2, i.e.: 
 22 LWCtots www −=      (9) 
The total mixin
th vel 1: 
 1wwtot =       (10) 
That means no fall out by rain
a the slope of the mountain.     
Combining equation (8), (9) and (10) gives the mixing ratio of LWC at level 
2: 

 21
2

s
LWC ww −=

2dρ
ρ      (11) 

C ) and (11) gives ρombining equation (6 uation LWC in a cloud given by the eq

 ⎟⎟
⎠

⎜⎜
⎝

−⋅=
21

22 ppdLWC ρερ     (12) ⎞e⎛ 21e

with the cloud base lying between the lower (1) and upper (2) level. Below 
the cloud base, at level 1, water in the air consists only of water vapour. 
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 water 
apour and cloud liquid water.

marine stratus clouds (Nicholls, 1984, 

nd, and given as 10 minute mean values. The wind sensors 
mometers, which stopped rotating when icing took 

 a.s.l. 

Inside the cloud, at level 2, the water in the air consists of a mixture of
v  
 
Liquid water content of stratus clouds is usually in the range of 0.05 to 0.25 
g/m3, while in stratocumulus and deep nimbostratus the values are usually 
lower than 1 g/m3 (Rogers and Yau, 1989). Detailed observations of the 

icrophysical structures of m
Noonkester, 1984), which are of importance in this case study, show average 
liquid water content over horizontal layers increasing with height, but with 
values less than adiabatic. This increase of water content with height is 
accounted for by an increase in droplet size rather than concentration of 
cloud drops. This is due to the fact that the growth process is dominated by 
condensation rather than coalescence. Because of this, the droplet spectrum 
in stratus clouds is relatively narrow, as expected with growth by 
condensation.  
 
3.4 Wind speed estimates 
Wind speed measurements were carried out along the slope of Brosvisåta at 
325, 520 and 718 m a.s.l. Observations of wind speed were taken 2 meters 
bove the groua

used were rotating cup ane
place. The wind speed ratio between level 2 and level 1, (V2/V1) as a 
function of a lower limit of wind speed at level 1, was analyzed.  
 
A data selection was performed with respect to air temperature, wind 
direction and wind speed. The air temperature must be higher than +1.5 ºC at 
718 m a.s.l. to exclude all the icing incidents. The wind direction was in the 
ector 160 – 180 degrees (SSE–S) at the lower weather station at 325 ms

for the actual icing incident investigated in this case study. Based on one year 
of data collection at the site, with the wind direction and air temperature 
limits specified above, the results are shown in figure 6. This shows that the 
ratio decreases with increasing wind speed at 325 m a.s.l. from 2.25 at wind 
speed 4 m/s to 2.0 at wind speed 11-12 m/s. In this work, a lower limit of 5 
m/s was chosen for level 1, which gives a ratio equal 2.2 and a standard 
deviation of 0.41. 



Figure 6. Wind speed ratio, (left y-axis) and the standard deviation (right y-axis) as a 
function of wind speed at the lower level, with wind direction in the sector 160-180˚. 

 

4 Results and discussion  

4.1 Measurements and calculation of atmospheric ice accretion 
The icing incident in this study took place March 21-24 2003, with a 
maximum build-up of ice measured to approximately 4.5 kilograms (figure 
7). In the beginning of the period, the air temperature was -3ºC with a near 
linear increase until it reached 0ºC on March 23. A sudden drop in ice load at 
the end of the period can be explained by the increase of temperature above 
0ºC. The rate of precipitation was estimated from the synoptic weather 
station Takle, situated 12 km to the east of the mountain base, with 
measurements taken at 0600hrs and 1800hrs daily. Precipitation accumulated 
during the icing incident was 6.3 mm, with only three observed periods of 
precipitation (figure 7). 
 
The first period of precipitation measured at Takle, from 0600hrs to 1800hrs 
March 21, was associated with a fast increase in ice load. This indicates that 
the ice load might have been a combination of in-cloud icing and 
precipitation icing. The ice load increases further by approximately 3 
kilograms during the period from 0600hrs March 22 to 0600hrs March 23, 
when no precipitation was recorded. This period was therefore assumed only 
to be an in-cloud icing incident. An increase in air temperature above 0ºC at 
the mountain top as well as precipitation during the period 0600hrs to 
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1800hrs March 23 was associated with a sudden decrease in ice load due to 
melting and ice falling off from the scale.  
 
The ρLWC in figure 7 was determined by eq. 12 using the data recorded 
automatically by the weather stations along the mountain slope. Negative 
values in the beginning of the period were probably caused by low wind 
speeds and therefore a boundary layer that was not well mixed. Wind speed 
increases as the frontal system approaches. The method for determining the 
ρLWC given by eq. (12) can therefore be applied.  
 
 
A plot of the ice growth and the ρLWC during the icing incident from 0800 hrs 
March 21 until maximum ice load was reached on March 23 shows a good 
correlation of the two independently measured values (figure 7). The only 
exception is found in the beginning of the icing period. This can be explained 
by the fact that precipitation occurred in the same period, and the ice load 
was therefore a combination of in-cloud ice and precipitation ice. Decreasing 
ice growth rate towards zero around 2400 hrs March 22 was associated with 
the decreasing ρLWC (until it reached zero). Likewise, the decrease in ρLWC at 
around 0400 hrs March 23 was associated with a decrease in ice growth rate 
at the same time. A statistical correlation between the ice growth rate and the 
ρLWC, from the beginning of the ice growth until it reached maximum weight, 
gives a correlation coefficient of 0.73. By excluding the period in the 
beginning, associated with precipitation, a higher correlation coefficient of 
0.85 is found.    
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gTv ii
310−

LWC

Ahti and Makkonen (1982) and Sundin and Makkonen (1998) estimate the 
in-cloud ice load, Mi (N m-1), for each icing events as, 
      (13) M i 5.5 ⋅=
where 5.5⋅10-3 is an empirical constant, vi is the wind speed (m s-1) at the 
level of interest, Ti is the event duration (hrs), and g is the acceleration of 
gravity. Furthermore, the criteria for in cloud icing to occur is simply that the 
height of cloud base is lower than the height of interest and an air 
temperature in the range 0 to –15 °C. According to this theory, in-cloud icing 
intensity (kg m-1 s-1) is independent of ρLWC. As mentioned above, however, 
measurements and calculations of the icing incident at Mt. Brosviksåta 
indicate a strong correlation between the ice growth rate and ρLWC (figure 7). 
This may also indicate a relationship between the ρLWC and the collision 
efficiency. Assuming collision efficiency equal to zero when ρLWC is zero and  
a linear increase of the collision efficiency creating an ice load equal the 
measured ice load at the end of the icing period, the following formula is 
obtained: 
 ρα ⋅225= .01      (14) 
where ρLWC is in (g m-3). The ice growth is assumed to stop when the air 
temperature reaches 0ºC.  This result indicates a strong connection between 
the measured and calculated ice growth based on a collision efficiency 
determined only by the ρLWC (figure 7). This simple model for estimating the 
collision efficiency ignores the effects of changes in wind speed, shape and 
area of cylinder as well as the number of droplets per volume air. The 
independence of wind speed is explained by the fact that the wind speed is 
approximately constant during the icing incident studied here (figure 7). 
Further testing against similar cases of in-cloud icing is needed in order to 
verify the reliability of this model. 
 
 
4.2 MM5 results 
A qualitative evaluation of the data from the MM5 model run during the 
icing incident was performed. The modeled synoptic situation given by the 
MM5 model corresponded well with the observed weather data during the 
period in question. Wind speeds and temperatures in MM5 corresponded well 
with the observations near Brosviksåta as well as the synoptical observations 
at Takle. Main surface winds came from S to SW, with winds from W to NW 
in the higher model levels (500 – 700 hPa). At the same time, the model 
gives little or no precipitation during this period, though the cloud base was 
below the mountain top at Brosviksåta.  
The model performs a smoothening of the topography. This is why the 
ground level in the model was at a different level to the actual terrain in the 



area. Maximum height of the mountain was found to be 554 m a.s.l. in the 
model topography at 1 km resolution (see also figure 1) whereas the actual 
height of the mountain is 723 m a.s.l. A correction of model data from 554 m 
a.s.l. to 723 m a.s.l. was necessary for determining icing. The modeled air 
temperature at the top of the mountain was found by following the 
temperature gradient for saturated conditions, found equal to γw=0.62, from 
554 m up to 723 m (figure 8). It can be observed that the simulated air 
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Figure 8. A. Wind speed and B LWC estimated from measurements (solid line) at 723 m 
a.s.l and simulated by MM5 (dotted line) at 554 m a.s.l., respectively. C. Air temperature 
at 723 m a.s.l. measured (solid line) and simulated (dotted line). D. Ice load measured by 
the ice scale (solid line) and simulated by MM5 (dotted line). 
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temperatures show a good correlation with the measured air temperatures, 
with an increase from -3 ºC in the beginning of the period until it reached +1 
ºC at the end of the period. The model slightly underestimates air 
temperature, with an average error of 0.45 ºC. The correlation coefficient 
between measured and simulated air temperatures is 0.94 in this case study.  
 
ρLWC estimated from MM5 results and from the measurements during the 
icing incident are also given in figure 8. The model gave data at one-hour 
intervals. The surface effects on the model results at 723 m a.s.l. were 
significantly reduced by the smoothening of the topography in MM5. A 
model height of 554 m a.s.l. was therefore used for the ρLWC. Due to this, it 
has been assumed that the ρLWC was underestimated when the height was 
kept to 554 m a.s.l. Data from the MM5 model gave a ρLWC in the same size 
of order as the ρLWC determined from measurements (figure 8). As expected, 
MM5 slightly underestimates the ρLWC, with an average difference of 0.05 
g/m3. The correlation coefficient of these ρLWC values equalled 0.72. 
 
 
Simulated ice growth was calculated by use of eq. 1. α2 and α3 were set equal 
to one, and α1 was estimated by eq. 14, as in chapter 4.1 above. Values of 
ρLWC, wind speed and temperature were taken from the results of the MM5-
simulation. According to figure 8, the simulated ice growth was 
underestimated.  
 

5 Summary and conclusions  
 
Reliable forecasts of duration and intensity of icing on structures as in-cloud 
ice requires data of standard meteorological parameters, in addition to more 
specific parameters such as the density of the liquid water content of the air 
(ρLWC). Icing conditions on the mountain Brosviksåta (723 m a.s.l., 61º 2` N, 
5º 9` E), at the western coast of Norway was investigated in the period March 
21-24, 2003 in this study. Measurements of ice growth on a one meter high 
non-rotating steel rod, of 0.14 m diameter, at the mountain peak showed a 
maximum build-up of 4.5 kg during that period. The type of icing was 
identified as mainly in-cloud icing by dry growth (rime ice), due to the fact 
that little precipitation was measured during the case study period. 
 
A method for calculation of ρLWC has been described. The method only 
requires measurements of air temperature, air humidity and wind speed at a 
known level under unsaturated conditions. These parameters were measured 
at three different levels along the slope of the mountain. The beginning and 
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end of the icing period was determined to a high degree of accuracy with this 
method. Reliable prognoses of ρLWC will greatly improve the procedures of 
forecasting duration and intensity of in-cloud icing. Furthermore, testing of 
this method on similar cases will be necessary in order to verify its accuracy 
and reliability. 
 
A comparison of measured ice growth rate (kg/s) by the ice scale and 
estimated ρLWC (kg/m3) by use of the lower weather station gave a correlation 
coefficient of 0.85 for the period identified as in-cloud icing. Based upon this 
strong correlation a simple model of estimating the coefficient of collision 
efficiency has been developed. However, further testing of this model is also 
needed. 
 
A mesoscale model (MM5) was tested at a high horizontal resolution (1km), 
to evaluate its ability to reproduce weather conditions where freezing occurs. 
The MM5 forcast identified the start and end times of the icing event with a 
high degree of accuracy. On the other hand, the accuracy of the simulated 
icing intensity was not that good. The MM5 calculations for ice growth gave 
a value 58% of the actual meausred accumulated ice growth. More events of 
icing should be studied to determine the overall accuracy at a 1 km 
resolution. However, simulations with the high horizontal resolution used in 
this case study, are very time consuming. It is not taken for granted that a 
high resolution forcast would be more accurate than a forcast using a coarser 
resolution. A study by Mass et al. (2002) shows no increase in accuracy of 
precipitation when going from 12 to 4 km resolution. Further studies of real-
time cases on real-time systems at coarser model resolutions will therefore 
reveal MM5s capability for making reliable daily forecasts of freezing 
events. 
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