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Abstract
Atmospheric icing is a phenomenon in which ice is formed to the surface from the
liquid water in the air in cold temperatures. It is a relevant phenomenon in wind power
since icing causes challenges with wind turbine materials, maintenance and production
estimates, for example. In this work, a new prediction model for icing in wind power
production was created, using wind measurement data from three Finnish wind farms
and data of weather and atmospheric conditions. The used data include measured power
production of the turbines and hourly data of wind speed, temperature, relative humidity,
air density, cloudiness and precipitation.
From the data, 121 icing events were found from 3 sites during three winters in
2019−2022, using measured production and estimated production calculated with wind
speed and air density. Icing events were classified to rime ice, glaze and wet snow events
and the differences were found between the icing types. It was found that weather condi-
tions like precipitation and sunshine affect an icing event, and an event is usually stopped
by the start of rain or a decrease in cloudiness. In glaze events, where the production
is stopped by icing, the ice breakage point could be predicted well with cloudiness and
precipitation data. This correlation was one of most important findings in this work, due
to high and unpredictable icing losses during glaze events.
A new prediction model was created using previous research of ice accretion rate and
ice shedding, and the findings from data analysis. The ice accretion and ice shedding
coefficients, icing type assumptions and weather data limits were determined to all three
sites to optimize the prediction model. It was found that the prediction model could
improve the power estimations significantly especially with rime ice and glaze events.
The mean squared errors of measured and estimated production decreased by 21% in
site 1, 27% in site 2, and 15% in site 3, compared to power estimations without the
production model. The model could still be further improved by improving the icing
type recognition, but the results of the icing loss predictions were promising.
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Tiivistelmä
Jäätäminen on ilmiö, jossa ilmassa oleva kosteus kerryttää jäätä pinnoille jäätävissä
olosuhteissa. Jäätäminen on merkittävä ilmiö tuulivoiman tuotannon kannalta, sillä
se vaikuttaa tuulivoimaloihin esimerkiksi kasvattamalla niiden huoltotarvetta ja ai-
heuttamalla tuotantotappioita. Tässä työssä rakennettiin tuulivoiman tuotannon
jäätämishäviöitä ennustava malli, johon käytettiin kolmen suomalaisen tuulipuiston
tuotantodataa ja säädataa tuulennopeudesta, lämpötilasta, suhteellisesta kosteudesta,
ilman tiheydestä, pilvisyydestä ja sademäärästä.
Työssä tuotantodata analysoitiin ja datan avulla löydettiin yhteensä 121
jäätämistapausta kolmesta tuulivoimalasta talvien 2019−2022 ajalta. Analyysissä
käytettiin dataa todellisesta tuotannosta ja estimoidusta tuotannosta laskettuna
tuulennopeuden ja ilman tiheyden avulla. Jäätämistapaukset jaettiin kolmeen luokkaan,
jotka olivat huurrejää, kirkas jää ja lumi. Analyysissä huomattiin, että tietyt sääolo-
suhteet, kuten pilvisyys ja sademäärä vaikuttavat jäätämistapauksiin ja jäätämisen
huomattiin lähes aina loppuvan, jos sade alkoi tai pilvien määrä väheni tapahtuman
aikana. Erityisesti kirkkaan jään tapauksissa jään irtoamishetki pystyttiin ennustamaan,
mikä oli yksi työn merkittävimpiä löydöksiä.
Jäätämishäviöiden ennustemalli rakennettiin aiempien jäätämiseen liittyvien tutkimus-
tulosten ja datasta tehtyjen havaintojen perusteella. Ennustemallin kertoimet jään
kertymiselle ja irtoamiselle, jäätyyppeihin liittyvät oletukset sekä raja-arvot sääolo-
suhteille määritettiin erikseen jokaiselle tuulivoimalalle, ja tuloksista huomattiin, että
ennustemalli paransi tuotantoennusteita erityisesti huurrejään ja kirkkaan jään tapauk-
sissa. Keskineliövirheet arvioidun ja todellisen tuotannon välillä pienenivät tuuli-
voimaloissa 21 %, 27 % ja 15 % verrattuna ilman ennustemallia tehtyyn tuotantoarvioon.

Avainsanat jäätäminen, jäätämishäviöt, tuulivoima, energiantuotanto, ennustemalli
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Symbols and Abbreviations
α1 Collision efficiency

α2 Sticking efficiency

α3 Accretion efficiency

∆T Temperature difference (between dew point and material temperatures)

dM
dt

Ice accretion rate

dS
dt

Ice shedding rate

ρ Density (of air)

A Area of the fluid

cp Power coefficient

Ekin Kinetic energy

F Force (by the wind turbine rotor)

m Mass

P Power

Q Heat

Qe Latent heat flux

Qh Sensible heat flux

Qn Radiation term

T Temperature

t Time

Td Dew point temperature



Tdelay Material (delay) temperature

v Velocity

ADIS Anti-icing and de-icing systems

CC Cold climate

CFD Computational fluid dynamics

DP Dew point

FMI Finnish Meteorological Institute

IC Icing climate

IL Ice load (on turbine blades)

ISO International Organization for Standardization

IT Ice type

L Loss of power production

LWC Liquid water content

MBS Multibodydynamic software

MSE Mean squared error

OWI Operation with Ice software

PRT Platinum resistance thermometer

RH Relative humidity

SCADA Supervisory Control And Data Acquisition

VTT Technical Research Centre of Finland

WD Wind direction

WMO World Meteorological Organization

WRF Weather Research and Forecast model

WS Wind speed



1 Introduction

Most of the global greenhouse gas emissions (76% in 2019) are produced by the energy
sector [1]. Because of the climate crisis, it is essential to reduce greenhouse gas emissions of
energy system by 87% to 97% in 2050 to limit global warming to 1.5◦C. In 2◦C scenarios,
93% to 97% of energy production should be from low-carbon sources. [2]

Wind energy (along with solar power) is one of the most cost-effective low-carbon ways to
produce energy [3, 4]. Due to low production costs of wind energy, operation and main-
tenance costs form a significant share of wind energy cost per kWh [5]. Developments in
wind energy technologies can have remarkable effects on wind energy costs and electricity
prices.

There are significant location-related differences in the availability of wind resources glob-
ally. Closer to polar regions in North and South wind speed is higher on average, and
available energy resources are bigger [6]. Also, wind energy has been found to help for peak
heating demand in the cold regions, since building heating loads strongly correlate with
wind energy supply in cold regions [7], even though during the coldest days, wind speed
is usually near zero. Cold regions have strong wind speeds and high air densities, which
is optimal for wind power production [8]. However, icing conditions in these areas form a
challenge for wind turbine use and maintenance.

Atmospheric icing is a phenomenon in which ice is formed to the surface from the liquid
water in the air in cold temperatures. Atmospheric icing is a term that is used for accretion
of ice to structures. The phenomenon affects the structures like wind turbines, power lines,
telecommunication towers and high masts in northern countries by affecting their operation
and mechanical strength. [9] Icing happens in cold climates (CC) and can have many
effects on wind turbines. The most important effects are production losses, safety issues
(ice throw), data loss and measurement uncertainty, aerodynamic effects etc. [10] Icing can
even entirely stop wind turbines from operating. [11] Both the production losses themselves
and the uncertainty of production estimates cause extra costs.

Icing events are different depending on the conditions. Icing can be divided into in-cloud
icing and precipitation icing depending on how the ice is formed. Also, ice can be divided
to different ice types that are glaze, rime ice and wet snow. Glaze and rime ice are in-cloud
icing and wet snow along with freezing rain are precipitation icing. [11] It is probable that
different ice types cause different icing events and it would be important to take ice type
into account in predicting icing losses.

Icing has been studied intensively during the recent years, and several modeling approaches
have been made [12], but the main mechanisms of atmospheric icing have not yet been fully
understood. The simulations and icing predictions help to reduce production losses, but
they are not accurate enough to predict icing in the real conditions. Ice shedding is one of
the most complicated parts of the icing event prediction. Ice shedding is a process where ice
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is removed by shedding instead of melting away. It is a complicated physical phenomenon
that can depend on many conditions. [13]

In this work, a new prediction model for icing in wind power production is created, using
wind measurement data from Finnish wind farms and data of weather and atmospheric
conditions. The main target of this work is to find a better way to predict wind power
production losses due to icing. To optimize wind power production, it is essential to be
able to predict the power production also in icing conditions. Previous studies of icing types
and ice behavior are used to build a model, where the effect of icing on production losses
is estimated with weather conditions such as wind speed, temperature, relative humidity,
cloudiness, and precipitation. Icing events are divided to three icing types and the model
processes them in different ways.

First, the theory of wind turbine performance, atmospheric icing and ice types are pre-
sented, and then the methods used in this work are introduced. The methods include
studying the assumptions of icing types used in this work, basic elements and calculations
of wind power production, physics of atmospheric icing and dew point temperature, and
presenting the measurement instruments and data. Also, the assumptions for a prediction
model are presented in the methods. Then, the results of data analysis, icing events and
prediction model are shown. It is shown how the icing events are found and classified, and
the structure and the results of prediction model performance and accuracy are presented.
Finally, the conclusions of the study are given to investigate the outcome and the findings
of the project.
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2 Theory

2.1 Wind turbine performance

The power that can be achieved from the wind turbine depends on the kinetic energy in
wind. The kinetic energy can be calculated by

Ekin =
1

2
mv2, (1)

where m is mass and v is velocity. According to the conservation of mass and continuity
equation, the change of mass enclosed by the surface is the same than the mass that goes
into the surface during any time interval. The continuity equation can be written by

∂ρ

∂t
+∇ · (ρv) = 0, (2)

where ρ is a mass density, v is the velocity of the flow, t is time and ∇ is the divergence.
Thus, the total mass of the system does not change over time. Thus, the mass flow rate
is the same before the fluid enters the wind turbine, in the wind turbine and after the
turbine. The mass flow can be written with

dm

dt
= ρA1v1 = ρAv = ρA2v2, (3)

where m is the mass, A1 and A2 are the areas of the fluid before and after the turbine, v1
and v2 are the velocities of the fluid before and after the turbine, and A and v are the area
and velocity of the fluid when reaching the turbine. For the force by the turbine rotor, we
can write

F = ma = m
dv

dt
=

dm

dt
∆v = ρAv(v1 − v2). (4)

From kinetic energy we get

P =
1

2

dm

dt
(v21 − v22) =

1

4
ρA(v1 + v2)(v

2
1 − v22). (5)

The power reaches its maximum when v2/v1 = 1/3, so

Pmax =
16

27
· 1
2
ρv3A. (6)
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This equation is known as Betz’s law, which tells how much energy it is possible to achieve
from wind. Here, the constant 16

27
≈ 0.593 is called Betz limit and usually this power

coefficient cp(v) is much smaller [14].

Wind turbine power production can be described by showing the power production as a
function of wind speed. According to Eq. (6), the maximum turbine power production is
a function of wind speed and power coefficient. The curve describing the relation between
incoming wind speed and the power output from the turbine is called wind power curve and
it is often used to show the wind turbine power performance characteristics. An example
of a theoretical wind power curve can be seen in Fig. 1. It can be seen that as a function
of wind speed, the increase in turbine performance is nearly linear to the point where
it reached the maximum power that can be achieved from the turbine. Then, the power
remains the same until the wind speed increases over the operational limit of the turbine
and the production is stopped. The power coefficient is kept at its maximum until the wind
speed increases over the maximum production limit, and after that, it decreases to keep the
production constant. In real production, the variations in air density, turbine performance
changes, maintenance hours and icing can cause variations in wind power curve.

Figure 1: The example of a wind power curve where the power output from the turbine
(left) and power coefficient (right) are shown as a function of incoming wind speed. Power
production of the turbine increases nearly linearly as a function of wind speed until it
reaches the maximum power production limit. After that, the power production is kept in
its maximum until it is cut off in the operational wind speed limit of a turbine. ©2010
WIT Press [14]
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Because of the power variations caused by a changing air density, experimental values of
wind speed are often corrected with air density. According to the standard ISO 61400-12-1
(Power performance measurement of electricity producing wind turbines) the correction is
calculated by [15]

WScorrected = WS · ( ρ

ρref
)1/3, (7)

where ρref = 1.225 kg/m3.

2.2 Atmospheric icing

Atmospheric icing is a phenomenon where frozen water accretes to the structures which it
is colliding with, as power lines, aircrafts, or wind turbines [16]. The most important icing
effects are caused by liquid water droplets in the air, which can cause significant ice loads
to objects [17]. The effects of hoar frost are negligible compared with the effects of liquid
and solid water or mixtures of water and ice since condensation of water vapor causes
significantly lower growth rates of ice [18]. In Fig. 2, atmospheric icing on a wind turbine
blade is shown.

Figure 2: A wind turbine blade without ice and with icing on the blade. ©2016 Nordvind
[19]

Ice accretion occurs when supercooled water droplets hit an object when they are moved
by the wind. Thus, ice accretion rate to the object depends on wind speed, the amount
of liquid water droplets in the air and the collision area of the object. Additionally, many
phenomena have an effect on the amount of water droplets that will freeze on the objects,
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depending on the collision event, sticking of droplets or the efficiency of ice accretion. In
ISO-12494 standard [20] related to atmospheric icing, ice accretion rate is defined as

dM

dt
= α1α2α3 · w · A · v, (8)

where v is wind speed, w is liquid water content, A is the collision area and α1, α2 and α3

are the collision efficiency, sticking efficiency and accretion efficiency, respectively. [21, 22]

Similarly, ice starts to melt when temperature increases. Ice melting can be represented by
the energy balance model, where sensible and latent heat fluxes and radiation affect the
process. Melting will start if the heat in energy balance model becomes positive. Energy
balance model can be represented as

Q = Qh +Qe +Qn, (9)

where Qh is sensible heat flux, Qe is latent heat flux and Qn is a radiation term. [21, 23]

Icing is typically divided into in-cloud icing and precipitation icing, depending on the type
of ice accretion. There are three main ice types that are relevant for icing of structures. Two
of them, rime ice and glaze represent in-cloud icing and wet snow is precipitation icing. [11]
In in-cloud icing, an icing object is in direct contact with super-cooled liquid water droplets
of a cloud. Super-cooled liquid water droplets can be found from clouds at temperatures
between 0 and -38 degrees but most commonly it is found at temperatures between 0 and
-15 degrees. In-cloud icing can influence structures if the object is tall enough to contact
a cloud, or if cloud base reaches the ground as fog. In precipitation icing, the structures
do not need to be in contact with clouds, but ice can be formed by freezing rain, where
super-cooled water droplets freeze when they hit the ground or objects. This can have
severe effects on structures or traffic. [16]

Rime ice

Rime ice is created when super-cooled liquid water is transported by the air as fog or
clouds and it collides with an object. In collisions, the liquid water droplets freeze and
form asymmetrical structures. The typical temperatures where rime ice is formed vary
between 0 and -20 degrees. Rime ice is milky white, and its formation affects significantly
to the surface roughness of structures. However, rime ice can be quite easily removed,
because of its low density (between 200 and 600 kg/m3) and rough formation. [11]

Glaze

Glaze or clear ice is formed by wet in-cloud icing or sometimes because of freezing rain or
drizzle. Ice accretion is smooth and forms a transparent ice layer with strong adhesion on
the object. The temperatures where icing occurs vary typically between 0 and -6 degrees.
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In wet in-cloud icing, temperature is typically near zero and accreted ice can flow around
the object and cover it from many sides. Clear ice has a high density (around 900 kg/m3)
and it can be difficult to remove due to its strong adhesion on the structure. [11]

The appearance of rime ice and glaze on an object is shown in Fig. 3.

Figure 3: The appearance of a) rime ice and b) glaze on an object. ©2003 Elsevier Science
Ltd. [24]

Wet snow

Wet snow forms from partly melted snow crystals that can adhere on the object. Wet snow
contains a lot of liquid water and icing can occur typically in temperatures between 0 and
+3 degrees. The density of wet snow is usually between 300 and 600 kg/m3. Wet snow can
freeze if temperature decreases after wet snow icing. Wet snow can be easy to remove if it
has not frozen after accretion. [11]

2.3 Icing and wind power

Icing can occur in wind power production in CC areas, where temperatures can during some
periods be lower than the operational limits of wind turbines. In icing climate (IC) areas,
there are icing events that affect the wind power production. Lower temperatures affect
turbine materials, maintenance work becomes more complicated, cold turbine start can be
more difficult, and energy production is reduced by extra heating and energy consumption.
In IC areas, wind energy production can be affected by icing events, which make wind
measurements harder and more unreliable, ice loads are a safety issue, and ice accretion
on wind turbine blades influences the energy production, aerodynamic balance, and noise
levels. [11]
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Ice accretion on turbine blades affects energy production by reducing the aerodynamic
efficiency, and even light icing events can have significant effects on the production [25, 26].
There are lots of studies of icing effects on wind power production and many anti-icing and
de-icing methods as well as ice sensors have been developed to better avoid and understand
production losses due to icing.

Many wind turbines have ice sensors that measure ice loads on turbine blades. According
to the standard ISO-12494, it is proposed to use an ice collector with a cylinder of 30
mm diameter that rotates around the vertical axis. [20] The information that is obtained
with the sensor is not comprehensive enough to accurately estimate the production losses
and risks to wind turbines caused by icing [27]. Other types of ice sensors have also been
developed and tested but they are not optimal due to their energy demand, high costs
and unreliability [28]. Double anemometer method is one possibility to measure and esti-
mate icing effects. When one wind anemometer is heated and the other is unheated, the
difference between the measurements of the anemometers indicates an icing event. How-
ever, unheated anemometers can stay frozen for long periods during the winter, which
makes the results unreliable. Also, during zero wind, icing cannot be detected with double
anemometer technique. [27]

Icing mitigation has been an important subject when developing wind turbines during
recent years. Anti-icing and de-icing systems (ADIS) have been investigated to better
avoid the consequences of icing events. With anti-icing systems, ice accretion is prevented
so that ice would not accrete on the turbine blades and with de-icing systems, ice loads are
removed from the blades afterwards. Most active ADIS techniques are based on heating,
so they need energy to work and thus decrease the energy production of wind turbines.
[27] They also cause extra maintenance and costs. Special ice-phobic coatings have also
been investigated to prevent icing and they have many advantages like low costs [29], and
reduced ice adhesion strength decreases icing events to about half [30]. Special coatings
however cannot alone prevent icing and their efficiency decreases after some time [27]. None
of ADIS cannot yet fully solve the problems caused by icing.

Icing climate can cause severe problems to the power production of wind turbines. Effects
on aerodynamic efficiency caused by ice loads can cause a turbine to rotate slower or even
stop completely [31]. Depending on the conditions and icing intensity, the production losses
may vary between 0.005 and 50% of the production of wind power plants annually [27]. An
example of the effect of icing events on wind power curve can be seen in Fig. 4. It is shown
that data points with icing have lower power production in relation to wind speed than it
theoretically should be. Icing data can be recognized from the figure as points where power
production is significantly lower than in manufacturer’s curve for a turbine.

Wind turbines of different producers handle ice accretion in different ways. For example,
Siemens Gamesa uses Operation with Ice (OWI) software, which is activated when mea-
sured power drops below a certain level. OWI makes it possible to recover the rotor speed
by modifying blade angles during icing, to optimize aerodynamic performance and prevent
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Figure 4: The example of a wind power curve where the power output is shown as a function
of incoming wind speed. The icing events can be seen as curve outliers in the figure. ©2010
Laboratory for Energy Conversion [32]

further ice accretion and stalling. The effects of OWI operation cannot necessarily be seen
in power production data, since turbine power production can be zero despite the continued
operation. The start of turbine operation is tried until ice load is small enough to produce
energy and production is started. [33]

In wind power, icing events are typically divided into phases, according to how ice affects
the wind turbine. Meteorological icing is a phase during which icing conditions exist and
ice accretion is possible, instrumental icing is when there is ice load on the structure, and
rotor icing is when there is ice at the rotor blade of the wind turbine. Accretion is a phase
when ice load is growing, persistence is where ice load remains constant, and ablation is a
phase when ice is removed by melting, erosion or sublimation. [34]

2.4 Examples of existing icing models

There are several icing models developed in the earlier studies. Some of them are simulated
models and some are based on measurement data. In 2016, Hansson et al. [22] in Kjeller
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Vindteknikk were using Supervisory Control And Data Acquisition (SCADA) data of three
wind farms to model and estimate wind turbine production losses due to icing and created
IceLoss model for predicting production losses. The Weather Research and Forecast (WRF)
model was used as a numerical weather prediction system. For ice load calculations, Eq. (8)
from standard ISO 12494 was used. The icing was assumed to start when ice accretion rate
increased over 10 g/hour. If 10 g of ice is accreted to the cylinder object of 1 m length and
30 mm diameter, this corresponds to 0.5 mm ice layer on the cylinder. Instrumental icing
hours are defined as hours when ice mass (accumulated over time Eq. (8)) exceeds 10 grams
of one meter of a turbine blade. Cloud processes are calculated with parameterizations.
[22]

In the IceLoss model by Hansson et al. [22], ice melting is calculated by using an energy
balance model including sensible and latent heat fluxes and the net radiation term. In
the energy balance model, melting is gradual, while in real cases, ice is often removed
more quickly when melting has started, and ice shedding would speed up the process. In
IceLoss model, there is no shedding factor and ice shedding is not considered. Instead, ice
sublimation which occurs in dry and cold air is considered in the model as a sublimation
rate term.

Turkia et al. (2013) [35] developed an icing model for VTT (Technical Research Centre
of Finland) for predicting wind power production losses caused by icing. The icing events
were simulated using TURBICE tool developed by Makkonen et al. in 2001 [36] and ice
aerodynamics on the blades were analyzed with computational fluid dynamics (CFD). After
that, power curves were simulated with wind energy specific multibodydynamic (MBS)
software and weather condition data were used to link the power curves to icing conditions.
The same ice accretion model is shown in Eq. (8). In simulations, constant values were used
for wind speed (7.5 m/s), temperature (−5◦C), and LWC (0.2 g/m3). Simulations were
calculated for three different cases, all three being rime ice cases. In results, icing affects
the power curve by creating a drop in power production. Larger ice shapes have also larger
effects on the production. [35]

The results of IceLoss model by Hansson et al. include long and short-term production
forecasts. The ice reduced forecasts are better than non-reduced but sometimes the model
predictions are not in line with the results estimated from operational data. The explana-
tions for uncertainty of the model are proposed to be for example in uncertainty of ice load
calculations, the lack of ice shedding factor or turbine sensitivity to iced blades. [22]

Useful results were obtained in both icing model examples investigated, but there are also
improvements that could be made. Ice shedding factor was missing in both models, affecting
the accuracy of the results and forcing the models to treat ice shedding as if it was fast
melting, for example. Also, ice types were not considered in the models, and in many cases,
constant values were used. These could be relevant options for improving the icing models
in the future.
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3 Methods

3.1 Identification of icing events

3.1.1 Icing types

In this work, icing types are used to determine the type of icing events. All three main ice
types, rime ice, glaze or clear ice and wet snow, are used. The types are formed partly in
different temperatures and conditions and can affect wind turbines in different ways. The
assumptions of conditions with different ice types are made using previous studies of ice
types and ice accretion, as well as using the standard ISO 12494 [20] where ice types are
presented. The assumptions for ice types used in this work are presented below.

Type 1: Rime ice

According to the earlier studies, the temperatures of rime ice conditions typically vary
between 0 and -15 degrees, or according to some references, between -10 and -20 degrees
[37]. In this work, to separate rime ice and glaze events from each other in the prediction
model, the temperature of rime ice is assumed to be

Trime < −6◦C. (10)

It is assumed that in rime ice events, icing occurs quite fast, creating milky white ice
appearance, and the droplets are small. The production loss during a rime ice events is
assumed to first increase when ice is accreted and then decrease when ice is removed.
Probably, in rime ice events, ice does not fall off quickly but removes more slowly, due to
its irregular formation.

Type 2: Clear ice

Clear ice is most typically forming near zero degrees. In this work, the temperature of clear
ice conditions is assumed to be

− 6◦C < Tglaze < 0◦C. (11)

However, it is possible that glaze events also occur in lower temperatures. Glaze is created
more slowly than rime ice and the droplets are bigger. It is assumed that clear ice affects
wind turbines more than rime ice, but ice falls of quickly when ice breaks. It is possible
that clear ice can stop wind turbines entirely and the production starts again after ice
breakage. It should be noted that even if the turbine is not stuck by icing, the ice load can
be too heavy for the wind turbine to produce energy.
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Type 3: Wet snow

Wet snow icing events occur when partly melted snow adheres to the object near zero de-
grees. Wet snow events occur typically just over zero degrees and it this work, temperatures
of wet snow events are assumed to be

0◦C < Twet < 3◦C. (12)

Wet snow is an example of precipitation icing so the conditions of it are different to the
other ice types. Raining is required for wet snow icing events to occur, and it is not only a
requirement but it also affects the amount of ice accretion. It can be assumed that durations
of wet snow events are not very long, since adhesion is not so large, and temperatures are
typically over zero.

3.1.2 Dew point temperature

Air has a dew point (DP), which is a temperature lower than current temperature, where
water vapor of air starts to condensate. It is a temperature where a unit mass of moist
air must be cooled for saturation to occur, when atmospheric pressure and water vapor
content are constant. This means that if, and only if, relative humidity is 100%, the existing
temperature is also a dew point temperature. [38]

Dew point can be calculated based on the Magnus formula with

Td =
bγ(T,RH)

a− γ(T,RH)
, (13)

where

γ(T,RH) =
aT

b+ T
· ln(RH), (14)

Td is a dew point temperature, T is a current temperature of air, RH is relative humidity,
a is 17.27 and b is 237.7◦C. [39]

When relative humidity is above 50%, the dew point temperature can be estimated with
the equation [39]

Td = T − 100−RH

5
, (15)
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which is used for estimating dew point temperature in this work. DP is always lower (or the
same) as the actual temperature, so the condensation starts if the temperature decreases
enough. This phenomenon is relevant in this work, since the condensation is required in
icing, when liquid water in the air condensates on the surface of an object. When air
temperature changes, the temperature of solid materials like wind turbine blades can have
a delay and for a while it can be different to air temperature. The similar hysteresis can
be seen in summer evening when the roads can still be warm even when the temperature
is already colder. If air temperature increases, temperature of wind turbine blades can be
lower or close to DP. Thus, when liquid water droplets in air hit the blades, liquid water
condensates and freezes. This is when ice accretion starts.

3.1.3 Power production estimation

Estimated power production can be used to find periods where icing reduces the produc-
tion. Power production can be estimated by using wind power curve, which shows the
estimation of power production in relation to wind speed corrected by air density. In this
work, quantile regression and conditional medians are used to estimate power production of
every wind turbine in all sites separately. Quantile regression is a reasonable solution when
the conditions of linear regression are not met, and medians can be used to better ignore
outliers (icing). With this method, we find the most typical value for power production in
every data point. Thus, if measured power differs significantly from estimated power, icing
events can be found.

It should be noted that in this work, temperatures and other weather conditions are used
only in a prediction model, when estimated and measured power cannot be used to identify
icing events. First, when the data are analyzed, icing events are found and classified only
with estimated and measured power data. The difference between estimated and measured
power data (production loss caused by icing) differ in different icing types. The events
where production loss increases slowly and then decreases are classified as rime ice events,
events where production is stopped during low wind speeds are classified as glaze events,
and events where the production quickly drops significantly and then returns after couple
of hours are classified as wet snow events.

Power production estimation makes it possible to estimate how large part of the whole
production icing losses are. The reasonable estimation can be calculated for example by
calculating the sum of the differences between estimated and measured power divided by
the total production during hours when temperature is low enough (< 3◦C) and the hour
is not a maintenance hour. Thus, the share of icing losses can be calculated by
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Share of icing losses =
n∑

i=1

(

m∑
j=1

Pj,estimated − Pj,measured

m∑
j=1

Pj,measured

), (16)

where Pj,measured and Pj,estimated are measured and estimated productions at hour j, re-
spectively, m is the number of data points and n is the number of wind turbines in a wind
farm.

3.2 Measurements

3.2.1 Wind power production data

The data from three wind farms in Northern Finland are used in this work. The power
production data includes the actual production data of every turbine and separate temper-
ature, wind speed and wind direction data of every turbine. In addition, there are prediction
data from Finnish Meteorological Institute (FMI) which includes temperature, wind speed,
wind direction and relative humidity data. All wind speed data are in meters per second
(m/s), temperature data are in degrees Celsius (◦C), wind direction data is in degrees (◦),
and relative humidity data in percents from 0 to 100 (%).

It is important to have predictions both from wind turbines and from FMI, since wind
turbines can affect the measurements by making them less reliable. For example, wind
turbines can produce heat near temperature sensors so that the value of the sensors is a
few degrees Celsius higher than the temperature prediction from FMI. In this work, FMI
data for wind speed and temperature are used in the prediction model. It should be noted
that there is always some distance between FMI stations and wind farms, and FMI data
are measured near ground level instead of the hub height of wind turbines. Naturally, this
can cause uncertainties to the results.

3.2.2 Meteorological data

In addition to the turbine measurement and production data, additional FMI data is used
to cover the missing meteorology data. Cloudiness and precipitation are used from the
nearest FMI station where those quantities are measured. Cloudiness is shown in the data
with the numbers from 1 to 8, and precipitation is measured in millimeters (mm). [40]
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3.2.3 Measuring instruments

Wind power production data are got from the turbines of three wind farms (site 1, site 2
and site 3) in Finland. Weather data are measured with the instruments in wind turbines
and with the instruments of the weather station nearby.

Cup and ultrasonic anemometers

Wind speed is measured by cup anemometers in wind turbines. Cup anemometers are
instruments with three cups or arms that react to wind. Cup anemometers are still the
most used anemometers in wind industry, due to their reasonable costs and reliability
[41]. Cup anemometers show a linear response in the typical wind speed range, and they
work quite well also in difficult weather conditions. Wind speed value measured by a cup
anemometer can be calculated with linear equation V = Af + B, where A is a slope and
B is offset. These two coefficients can be measured separately for every instrument with
instrument calibration process. [42] Cup anemometers can be affected by icing in a similar
way as the wind turbines themselves. Cup anemometers are used to measure wind speed
in wind turbines to get the weather data during the energy production.

Ultrasonic anemometers measure wind speed based on ultrasonic transducers. Ultrasonic
anemometers are more expensive compared to cup anemometers, but they require little
maintenance [43] and are less affected by icing. Also, with ultrasonic anemometers it is
possible to measure wind speed in three dimensions and one can also measure wind direction
[43].

Both cup and ultrasonic anemometers can be used to measure wind speed in wind turbines.
With cup anemometers, it is also possible to estimate icing since cup anemometers are
affected by icing in a similar way as the turbines themselves.

Temperature and relative humidity sensors

There are lots of different temperature and relative humidity sensors available. Often the
same sensor is used for both temperature and humidity, or two sensors are placed be-
hind the same cover which covers the sensors from radiation and rain. Air temperature is
measured according to the requirements of World Meteorological Organization (WMO) and
the requirements are explained in WMO-No.8, CIMO Guide [44]. Temperature is measured
by indirect measurements using practical approximations of thermodynamic temperature.
Platinum resistance thermometers (PRT) are the most used for temperature measurements,
but thermistors (semiconductor thermometers) and thermocouples are also used. The op-
eration of metal resistance thermometers is based on the resistance of pure metals, which
is an almost linear function of temperature. The operation of thermistors is also based on
resistance. Thermocouples consist of two wires of different materials which are connected

22



at one end. Temperature can be measured by measuring the difference of thermo-voltages
across the open ends and thermocouple junction, and the difference is proportional to the
temperature difference. [44]

Wind vanes

Wind vanes are used to measure (horizontal) wind direction. Wind vane is one of the oldest
meteorological instruments and its operation is simple. Similar to cup anemometers, also
wind vanes can be affected by icing. Wind vanes move by the wind so that their vane points
rotate into the wind. Wind direction is always measured in degrees from true north and the
direction is from which the wind blows. [45] As said earlier, also ultrasonic anemometers
can be used to measure wind direction.

Meteorological data instruments

Weather data consist of FMI predictions and meteorological data downloaded from the
weather station nearby. All FMI data are measured according to WMO requirements. [40]
In addition to temperature, relative humidity, wind speed, air density, and wind direction
data, data of cloudiness and precipitation are used.

According to FMI, cloudiness is measured with a ceilometer, which uses vertical light to
measure the height and frequency of clouds. The light is spotted to cloud base to detect
the height. The algorithm can report 1−4 cloud layers, depending on the width of lower
cloud layers. The total amount of clouds can be estimated by summing the observations
of clouds before the measurement time. Severe precipitation can cause uncertainties to
measurements. [40]

Precipitation can be measured either manually or automatically. Automated precipitation
measurements are performed by using a pluviometer. The mass of water is weighed and
changed to millimeters. Precipitation is measured as accumulation from previous hour.
During winter, the snowfall to the instrument is melted to estimate the amount of it. The
instrument is covered by wind protector to protect it from the wind. [40]

3.3 Prediction model

The assumptions of the prediction model are made using dew point temperature, air and
material temperatures, wind speed, precipitation, cloudiness, air density, and the previous
studies of ice accretion and ice shedding. The assumptions and methods used in the model
are presented below.

As explained before, icing can occur, if material temperature is lower or close to dew
point. Material temperature is calculated as delay temperature as shown in Eq. (35). An
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assumption that is used for the difference between material (delay) temperature and dew
point is

Td − Tdelay = ∆T < 0.2◦C, (17)

where Td is dew point temperature and Tdelay is material temperature. The assumptions
used for rime, glaze and wet snow temperatures are presented in Eq. (10), Eq. (11), and
Eq. (12). In addition, it is assumed that wind turbines can get stuck by glaze only if wind
speed is low enough. Let us define this wind speed limit as

WS = WSlimit. (18)

It is also assumed that precipitation must be high enough for wet snow icing event to occur.
Let us define this precipitation limit as

R = Rlimit. (19)

Due to the limits, an event can be classified as glaze event only when wind speed is lower
than the limit. Otherwise, the event is classified as rime ice, even though the temperature
would be between −6◦C and 0◦C. If precipitation limit is not met when 0◦C < T < 3◦C,
it is assumed that icing does not occur.

3.3.1 Ice accretion

Ice load increases by ice accretion rate if conditions are icing. As shown before, ice accretion
rate can be calculated by

dM

dt
= α1α2α3 · LWC · A · WS, (20)

where WS is wind speed, LWC is liquid water content, A is the collision area and α1, α2

and α3 are the collision efficiency, sticking efficiency and accretion efficiency, respectively.
[22] During an icing event, we can assume that LWC, A, and efficiencies α1, α2 and α3 stay
approximately constant. Thus, the equation can be simplified to the form

dM

dt
= c1 · WS, (21)
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where

c1 = α1α2α3 · LWC · A. (22)

In should be noted that the coefficient c1 is over zero only if icing conditions exist. When
there is not icing conditions

dM

dt
= 0. (23)

3.3.2 Ice shedding

Ice shedding and its properties have been investigated in multiple studies during recent
years. For example, Zhou et al. (2018) found that temperature and wind speed were the
most significant quantities affecting ice shedding rate [13]. Especially the maximum wind
speed during an icing event had a significant effect on shedding rate. Thus, we will use a
linear model for shedding rate

dS

dt
= c2 · WS, (24)

where dS
dt

is ice shedding rate and c2 is a shedding coefficient. Different coefficients will
be used to different ice types and ice types depend mainly on temperature, so it is also
considered that temperature affects shedding rate.

For shedding rate, it should be noted that it can only get positive values, when there is ice
load on wind turbine blades. If all ice is removed from the blades, naturally, ice shedding
rate becomes zero.

3.3.3 Production loss

Ice load on wind turbine blades can be calculated with ice accretion rate and ice shedding
rate since ice accretion grows ice load and ice shedding reduces it. Ice load (IL) is calculated
by integrating ice accretion and ice shedding rates from the event start time to the present
time:

IL = c1

ˆ t

t0

WS(t)dt− c2

ˆ t

t0

WS(t)dt (25)
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= (c1 − c2) ·
ˆ t

t0

WS(t)dt (26)

With the hourly data, ice load can be calculated by summing the ice loads accreted every
hour from the start of an event. The final equation for ice load would be

IL = (c1 − c2)
t∑

i=0

WS(i), (27)

where M is ice load on turbine blade, c1 and c2 are constants representing constant values
of ice accretion rate and ice shedding rate, respectively, and WS(i) is wind speed when
t = i. If we know IL at time t, IL at time t+ 1 can be calculated by

IL(t+ 1) = IL(t) + (c1 − c2) · WS(i). (28)

Ice load in turbine blades causes production losses to the wind power production. Let us
define a production loss due to icing as a difference of estimated power without icing and
measured power:

L = Pestimated − Pmeasured, (29)

where Pestimated is the estimated power production calculated as explained in Chapter 3.1.3.

IL cannot grow very thick during icing events, so a quite good assumption would be that
production loss would be dependent on the amount of ice load on turbine blades. With
the data, it is possible to try for example linear model for representing production loss
as a function of ice load. Another possible approximation would be a constant value for
production loss during an icing event. Linear model can be represented as

L = c3 ·M = ((c3 · c1)− (c3 · c2)) ·
t∑

i=0

WS(i), (30)

where c3 is a coefficient of a linear model representing the relation between ice load and
production loss. Let us determine a = c3 · c1 as ice accretion coefficient and b = c3 · c2 as
ice shedding coefficient for production loss. Let us assume that the coefficients also depend
on ice type IT. Thus, the equation would become
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L = (a(IT)− b(IT)) ·
t∑

i=0

WS(i), (31)

where the coefficients a and b for every IT can be determined according to wind farm
properties. Thus, if L at time t is known, L at time t+ 1 can be calculated by

L(t+ 1) = (a(IT)− b(IT)) · WS(t), (32)

where a(IT) has positive values when icing conditions exist and is otherwise zero, and b(IT)
has positive values when IL > 0 and is otherwise zero. The power production predicted by
the prediction model can be calculated by subtracting production loss L from the estimated
power without icing with the equation

Pestimated (prediction model) = max(Pestimated (without icing) − L, 0). (33)

3.3.4 Weather conditions

The model is based on the assumption that many weather conditions affect icing. Wind
speed and temperature affect icing according to the previous research, but we can assume
that also other conditions like precipitation, cloudiness, and radiation influence icing events.
A reasonable assumption could be that higher temperature and sunshine can melt ice and
precipitation can affect ice shedding, and ice breakage can occur by rain or radiation. The
assumptions can be tested with the data to see which of them are the most reasonable for
the model.

3.3.5 Material temperature

Material temperature can be estimated by using air temperature data. The present air
temperature can be assumed to affect most but also temperatures in the recent hours
affect the material temperature. Delayed temperature effects can be estimated by using a
moving average where temperature at time i is calculated as an average of the temperatures
from n last hours. The estimate temperature can be calculated with an equation

Ti =
n · Ti + (n− 1) · Ti−1 + ...+ 1 · Ti−n+1

1 + 2 + ...+ n
(34)
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=

∑n
j=1(n− j + 1) · Ti−j+1∑n

j=1 j
, (35)

where temperature is calculated with n last temperatures so that more recent values have
higher multiplication factors.

3.3.6 Model accuracy

Model accuracy can be tested for example with mean squared error (MSE), which tells the
average of squared difference between the real and estimated values. MSE of prediction
model values is calculated by

MSE =
1

n
·

n∑
i=1

(Pi,predicted − Pi,measured)
2, (36)

where n is the number of data points, Pi,predicted and Pi,measured are predicted and real power
production at time i, respectively, and predicted power production Pi,measured is calculated
with Eq. (33).

3.4 Data analysis

In this work, Matlab program is used in all data analysis, excluding power production
estimation which is made by using the R environment. Method lsqcurvefit in Matlab is
used for all linear regressions, and function rq for quantile regression (power estimation) in
R-programming. All figures are drawn and the prediction model is created with Matlab.
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4 Results and discussion

All available data were analyzed to investigate data and find icing events. Estimated power
was determined by calculating the mode of data points in wind power curve, wind speed
and air density, using density correction in Eq. (7). Estimated value for power production
was determined as explained in Chapter 3.1.3 to define what power production should be
without icing, and it is very close to the real value when there is no icing. With estimated
power, it is possible to estimate when icing occurs and how severe it is. In Fig. 5, there is an
example of wind power curve of the data of one wind turbine. Blue data points represent
icing and maintenance hours, and they are the data points where the difference between
estimated and real power production is higher than 300 kWh (Pestimated−Pmeasured > 300).
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Figure 5: The example of a wind power curve with icing and maintenance hours, where
power production P/Pmax is shown as a function of wind speed WS. Normal production
hours are shown in black, and icing and maintenance hours are shown in blue.
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It can be seen from the figure that most of the blue icing and maintenance points are close
to normal values, but there are some data points with severe icing. The points with zero
production can be either maintenance points or points where the production is entirely
stopped by icing.

4.1 Icing events

4.1.1 Event distribution

Icing events were defined for three winters in 2019−2022 for all three wind farms using
the power estimation explained in 3.1.3 and data of measured power. First, possible icing
events were sought for by finding the periods where

Pestimated − Pmeasured > 300 kWh. (37)

For every site, the median value of all turbines for Pestimated and Pmeasured were used to
better ignore outliers and find the most significant events affecting many turbines of the
same wind farm. Then, the possible icing events found were manually analyzed to find the
final icing events. Finally, all selected events were classified to three icing types.

Overall, there were 121 icing events which were classified to the icing types. It could clearly
be noticed from the data that icing types affect the behavior of icing. All three icing types
could be found in the data and the icing events differ from each other. There were 85 rime
ice events (37 in site 1, 31 in site 2 and 17 in site 3), 20 clear ice events (6 in site 1, 9 in
site 2 and 5 in site 3), and 16 wet snow events (6 in site 1, 6 in site 2 and 4 in site 3). The
distribution of icing events is shown in a bar graph in Fig. 6.

It can be seen from the distribution figure that January is the month when icing occurs most
frequently, but overall there are events between October and May. Significant differences in
the monthly distribution between different icing types cannot be seen. Most of the events
are rime ice events, but the number of glaze and wet snow events is still significant.
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Figure 6: Bar graph of the distribution of icing events caused by rime ice, glaze and wet
snow in 2019-2022.

The production losses were calculated for all icing events using the medians of measured
and estimated power and Eq. (29) to see if the losses differed by icing type. The losses
were calculated as a sum of production losses during the whole event to get the most
typical value for the production loss of one wind turbine. The distribution of production
losses during icing events in 2019−2022 can be seen in Fig. 7. It can be seen that glaze
events form a significant share of production losses even if the number of glaze events is
quite small. Thus, it is important to concentrate also on glaze events when predicting icing
effects. Instead, wet snow events are not as significant, since their share of production losses
is very small.
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Figure 7: Bar graph of the production losses of rime ice, glaze and wet snow during icing
events in 2019−2022.

Eq. (16) was used to calculate the icing losses divided by the total production in all 3
sites. The production losses were calculated for every wind turbine separately during the
hours when the temperature was below 3◦C and the hour was not defined as a maintenance
hour. It was found that the share of production losses were 3.5% in site 1, 4.2% in site
2, and 1.7% in site 3 of the total power production in a wind farm. This is quite a good
estimation of the production losses due to icing, even if there may be other reasons for
production losses than icing and maintenance. On the other hand, icing losses may be
underestimated here, since icing hours could have been determined to maintenance hours,
to better estimate the production. The production losses due to icing vary between different
sites but in all sites, the amount of lost power is significant.

After the icing type classification and production loss calculations, it was decided to con-
centrate mainly on rime ice and glaze events in the prediction model in order to optimize
the prediction of production losses.
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4.1.2 Icing types

Events were classified into three icing types according to their shape, as explained in the
Chapters 3.1.1 and 3.1.3. The differences between icing types can be seen in Fig. 8, where
the typical examples of all icing types can be seen. The red curves represent the measured
power of the turbines and blue curves show the estimated power production (without
icing). Thin red and blue curves represent the powers of individual wind turbines, and
thicker curves show the medians of measured and estimated productions. The medians are
used to show the average behavior of the turbines during icing events.
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Figure 8: Examples of all three icing types, a) rime ice, b) glaze, and c) wet snow. Rel-
ative measured power production Pmeasured is shown in red curve, and relative estimated
power production Pestimated without icing is shown in blue curve. Thin red and blue curves
represent the values of Pmeasured and Pestimated of each wind turbine of the wind farm, re-
spectively. The thick curves represent the medians of measured and estimated powers of
all turbines.

As seen from the Fig. 8, events were behaving as assumed in Chapter 3.1.1. In rime ice
events (a), the production loss first increases and then decreases. The wet snow events (c)
are quick and last only a few hours. In glaze events (b), it was noticed that there is clearly
a certain point where the ice breaks and falls off from the blades. This is a point where,
during the increase of wind speed, measured power suddenly and abruptly returns close
to the estimated power. Let us define this point as an ice breakage point. In Fig. 9, ice
breakage point is shown with a black vertical line.
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Figure 9: An example of glaze event, where ice breakage point, where ice is abruptly
removed from the blades, is shown with a vertical line. Relative measured power production
Pmeasured is shown in red curve, and relative estimated power production Pestimated without
icing is shown in blue curve. Thin red and blue curves represent the values of Pmeasured and
Pestimated of each wind turbine of the wind farm, respectively. The thick curves represent
the medians of measured and estimated powers of all turbines of one wind farm.

It can be seen that before the ice breakage point, production loss (the difference between
Pestimated and Pmeasured) increases significantly. This causes high production losses in glaze
events, and losses during certain hours can be very large. In Fig. 9, the production is stopped
about during the hours 47−61, when the production estimate is over zero, which is 14 hours.
This causes a large production loss, and the production estimations are inaccurate.

Rime ice creates icing events that start to grow and then decrease. It was found from the
data that if it starts to rain, the icing event often ends. The temperatures are usually cold
but can sometimes also be near zero. The production losses are moderate and there are
not very big errors in predictions. An example of an icing event caused by rime ice can be
seen in Fig. 10. Relative humidity is close to 100%, dew point temperature is close to the
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actual temperature and temperature is about −10◦C. The production losses are moderate,
and an icing event starts to grow and then decrease.
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Figure 10: The example icing event caused by rime ice. In the upper graph, relative mea-
sured power production Pmeasured is shown in red curve, and relative estimated power pro-
duction Pestimated without icing is shown in blue curve. Thin red and blue curves represent
Pmeasured and Pestimated of each individual wind turbine of the wind farm, respectively. The
thick curves represent the medians of measured and estimated powers of all turbines. In
the lower graph, weather conditions (dew point Td (◦C), material temperature Tdelay (◦C),
wind speed WS (m/s), cloudiness (1/8), precipitation (0.1 · mm), and relative humidity
RH (10 · %)) during an icing event are presented.

Glaze or clear ice creates icing events, where a turbine can fully stop working and then
the ice releases suddenly and a turbine starts to work again. In contrast to rime ice,
production returns to normal fast when the whole ice load releases at the same time. Glaze
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can create big production losses and an ice breakage point can be very difficult to predict.
The temperatures in these events are typically between −6 and zero but can sometimes
be colder. An example of an icing event caused by clear ice is shown in Fig. 11. It can be
seen that production is stopped entirely by clear ice and ice releases suddenly at a certain
point. The temperature is between zero and −5◦C. In the example, the start of rain causes
ice shedding at the same time.
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Figure 11: The example icing event caused by clear ice. In the upper graph, relative mea-
sured power production Pmeasured is shown in red curve, and relative estimated power pro-
duction Pestimated without icing is shown in blue curve. Thin red and blue curves represent
Pmeasured and Pestimated of each individual wind turbine of the wind farm, respectively. The
thick curves represent the medians of measured and estimated powers of all turbines. In
the lower graph, weather conditions (dew point Td (◦C), material temperature Tdelay (◦C),
wind speed WS (m/s), cloudiness (1/8), precipitation (0.1 · mm), and relative humidity
RH (10 · %)) during an icing event are presented.
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When the data were analyzed, it was found that in clear ice events, there is almost always
a reason for ice breakage point. It can be the start of rain or a change in cloudiness. If
sun starts to shine, it affects the turbine blades and causes ice shedding. The reason why
the start of rain affects ice shedding may be related to the changes in ice properties due
to rain or snowfall. When ice properties change, ice shedding occurs more probably. In the
previous example in Fig. 11, it can be seen that ice breakage point is at the same time
when raining starts (precipitation value in the weather data figure increases). The start of
rain occurs at the same time with ice breakage in most clear ice events found in the data.

Also, sunshine started at the same time with ice breakage point in some events. The example
of a clear ice event where sun starts to shine can be seen in Fig. 12. The effect of sunshine
on ice shedding may be related to the increase in temperature of turbine blades. Ice is
melted by radiation, and ice shedding occurs faster due to the change in ice properties and
temperature. Other examples of weather conditions affecting ice breakage points in clear
ice events can be seen in Appendix A.

Wet snow creates icing events, where heavy snow piles up to the blades affecting the
turbine. If the production estimate is large, the actual production can suddenly drop. The
instantaneous production losses can be large, but the production returns to estimate usually
quite fast, since wet snow does not stick to the blades for a long time. The temperatures
are usually between zero and 3 degrees. The example of an icing event caused by wet snow
can be seen in Fig. 13. Temperature is between zero and 3 degrees, it is raining and the
relative humidity is high.
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Figure 12: The example of a clear ice event, where sun shine affects the end of an event. In
the upper graph, relative measured power production Pmeasured is shown in red curve, and
relative estimated power production Pestimated without icing is shown in blue curve. Thin
red and blue curves represent Pmeasured and Pestimated of each individual wind turbine of the
wind farm, respectively. The thick curves represent the medians of measured and estimated
powers of all turbines. In the lower graph, weather conditions (dew point Td (◦C), material
temperature Tdelay (◦C), wind speed WS (m/s), cloudiness (1/8), precipitation (0.1 · mm),
and relative humidity RH (10 · %)) during an icing event are presented. Td and Tdelay are
close to each other during an event, and cloudiness drops to zero just before ice breakage
point.
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Figure 13: The example icing event caused by wet snow. In the upper graph, relative
measured power production Pmeasured is shown in red curve, and relative estimated power
production Pestimated without icing is shown in blue curve. Thin red and blue curves repre-
sent Pmeasured and Pestimated of each individual wind turbine of the wind farm, respectively.
The thick curves represent the medians of measured and estimated powers of all turbines.
In the lower graph, weather conditions (dew point Td (◦C), material temperature Tdelay

(◦C), wind speed WS (m/s), cloudiness (1/8), precipitation (0.1 · mm), and relative hu-
midity RH (10 · %)) during an icing event are presented.

The production losses of every icing event were calculated by summing the differences
of the production estimates without icing and the actual productions during the whole
event. Also, the average temperatures were calculated for every icing event. It was noticed
that the production losses per an icing event were different in different temperatures. The
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production losses were higher in lower temperatures, but the magnitude of the correlation
was not strong. The correlation between production loss and temperature in all icing events
is shown in Fig. 14. For all events, the correlation coefficient between production loss and
temperature was R = −0.19. Due to quite weak correlation, it was decided to not to use
temperature correlation directly in the prediction model. However, temperatures are used
in ice type classification, which also affects the estimated production losses.
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Figure 14: The relation between the production loss L (MWh) and temperature T (◦C)
during icing events of different ice types. Production losses are the total production losses
of icing events (sum of hourly production losses) and the temperatures are median tem-
peratures during events. Rime ice events are shown in blue, glaze events in red and wet
snow events in black.
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4.2 Prediction model

Before creating a prediction model, the assumption was that weather conditions like relative
humidity, temperature, precipitation, cloudiness, and wind speed would affect icing. The
model was created with an assumption that it is possible to recognize ice type with weather
conditions and previous studies and handle different ice types with different coefficients in
the model. It is assumed, that ice accretion and shedding rates depend on ice types and
production loss depend on ice accretion to the turbine blades.

The prediction model was created using Matlab, FMI data, and power production estima-
tion which was calculated first. Additional FMI weather data that was used in the model
are not predicted data, but actual observations. Thus, if the model was used to predict
icing losses for the next 24 hours, for example, there could be some uncertainties in the
predictions that could affect the results. However, the hourly weather predictions for the
next 24 hours are usually accurate enough to be used in the model.

4.2.1 Model structure

In the model, it was assumed that ice accretion grows ice load and shedding reduces it.
It was assumed that both depend on wind speed. According to Eq. (8), ice accretion rate
depends on wind speed, liquid water content, collision area, collision efficiency, sticking
efficiency and accretion efficiency. Model structure can be explained by dividing an icing
event to four different phases. Phases differ from each other by the conditions affecting
production loss. Four phases are shown in Fig. 15. Phase 1 is where production loss L
(Pestimated − Pmeasured shown in black) is zero, phase 2 is where L starts to increase, phase
3 is where L continues to increase and phase 4 where L decreases.

It has to be noticed that there are different ways to divide an icing event to phases, as
explained in Chapter 2.3. Here, for example, all phases 2−4 belong to instrumental icing,
since ice load remains on the structure. Here we also assume that a period during which
ice load remains constant does not exist or it is so short that it is not needed to be
considered. Also, we call ablation phase as ice shedding, since melting and sublimation are
not considered.

Phase 1: No icing

In the first phase, an icing event has not yet started. The difference between material
temperature and dew point is not low enough so there are no icing conditions. As there is
no ice accretion, there is no ice load on turbine blades either. Thus, power production loss
in phase 1

Lphase1 = 0. (38)

41



5 10 15 20 25 30 35 40 45
0

0.2

0.4

0.6

0.8

1

Figure 15: An example of a rime ice event, where the event is divided into four phases.
Measured power Pmeasured is shown in red, Estimated power (without icing) Pestimated is
shown in blue and production loss (L = Pestimated − Pmeasured) is shown in black. Phase 1:
production loss L is zero, phase 2: L starts to increase, phase 3: L increases, and phase 4:
L decreases.

Phase 2: Start of an icing event

In the second phase, an icing event is started. There are icing conditions, so the assumption
of ∆T in Eq. (17) is met. Icing type is recognized according to the temperature assumptions
in Eq. (10), Eq. (11), and Eq. (12). It is the first hour of an icing event, so IL on turbine
blades is still zero, but ice accretion rate is over zero and ice accretion starts. The coefficients
for ice load calculations are defined with recognized ice type, and ice accretion and shedding
rates are calculated with the coefficients and the current wind speed. Ice shedding rate is
still zero since there is not any ice load for shedding yet. Since IL is zero, also production
loss in phase 2 is
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Lphase2 = 0. (39)

Phase 3: Ice accretion

In phase 3, ice accretion grows the ice load. There are still icing conditions (assumption
in Eq. (17) is met) so ice accretion rate is over zero. Thus, ice load increases every hour.
Ice shedding rate also affects the production. Production loss is calculated by the equation
(Eq. (31))

Lphase3 = (a(IT)− b(IT)) ·
t∑

i=0

WS(i). (40)

Phase 4: Ice shedding

In phase 4, icing conditions do not exist anymore. Thus, ice accretion rate is again zero.
There is still IL left on turbine blades and ice shedding reduces it. Ice load decreases every
hour. Since ice accretion rate is zero, the production loss is calculated by

Lphase4 = a(IT) ·
t′∑
i=0

WS(i)− b(IT) ·
t∑

i=0

WS(i), (41)

where t′ is the time when ice accretion was stopped. When Lphase4 becomes zero, icing
event ends and IL = 0.

End of icing

As explained in section 4.1.2, it was found from the data, that in most cases, the start
of rain or sunshine end an icing event. It was included in the model that icing ends if it
starts to rain in rime and clear ice events and if cloudiness drops enough in all event types.
Naturally, icing event also ends if ice load is removed entirely by shedding. In Table 1,
there is the model structure in all 4 icing event phases. It can be seen how icing conditions,
ice load, ice accretion and shedding rates and production loss change during the phases.
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Phase 1 Phase 2 Phase 3 Phase 4

Icing ∆T > 0.2◦C ∆T < 0.2◦C ∆T < 0.2◦C ∆T > 0.2◦C
conditions RH > 98% RH > 98%

IL IL = 0 IL = 0 IL > 0 (increases) IL > 0 (decreases)

dM
dt

dM
dt

= 0 dM
dt

> 0 dM
dt

> 0 dM
dt

= 0

dS
dt

dS
dt

= 0 dS
dt

> 0 dS
dt

> 0 dS
dt

> 0

L L = 0 Starts to increase Increases Decreases

Table 1: The model structure of all 4 icing event phases in relation to icing conditions, ice
load in turbine blades (IL), ice accretion rate ( dM

dt
), ice shedding rate ( dS

dt
), and production

loss (L).

4.2.2 Model results

The prediction model was run using all production data, ice types were recognized, and
optimal values for coefficients and limits were found for all 3 wind farms. Optimal values
were found using MSE to measure model accuracy in 3 sites. The values were adjusted in
an iterative manner so that MSE values were as low as possible during icing events and
cold temperatures. The results of MSE values can be seen in Chapter 4.3. The used values
for wind speed and precipitation limits WSlimit and Rlimit, as well as ice accretion and ice
shedding coefficients arime, awetsnow, brime, and bwetsnow for all sites are shown in Table 2.

44



Site 1 Site 2 Site 3

WSlimit (m/s) 3 4 4

Rlimit (mm) 0.8 0.8 0.8

arime 3 6 2

awetsnow 20 20 10

brime 2 5 1

bwetsnow 8 8 8

Table 2: Values of wind speed limit WSlimit (m/s), precipitation limit Rlimit, ice accretion
coefficients arime and awetsnow, and ice shedding coefficients brime and bwetsnow for all three
wind farms.

In addition, n = 6 previous hours were used for calculating material temperature with Eq.
(35). It can be seen from Table 2 that values for Rlimit and bwetsnow are the same for all
sites. The largest differences between the sites are in the values of arime and brime.

The prediction model was run again with the optimal limits and coefficients. In the figures
16−19 there are examples of prediction model results during rime ice events. In Fig. 16,
there is an icing event with a relatively long duration (about 60 hours). The estimated power
without icing is seen in blue, measured power in red and prediction model estimation in
black. The event itself is quite complicated. When observing the weather conditions in the
lower figure, we can see that there may be two icing events close to each other. Ice accretion
first grows production loss during hours 10−30 and then production loss decreases when
the difference between material and dew point temperature is higher during hours 35−45,
approximately. The prediction model handles two icing events as one but still manages to
predict the production well. Icing event ends when cloudiness drops near zero during hours
65−70.
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Figure 16: An example of a rime ice event where icing is predicted with the prediction
model. In the upper graph, relative measured power production Pmeasured is shown in red
curve, relative estimated power production Pestimated (without icing) is shown in blue curve,
and relative estimated production Pestimated (prediction model) calculated by the prediction
model is shown in black curve. Thin red and blue curves represent Pmeasured and Pestimated

of each individual wind turbine of the wind farm, respectively. The thick curves represent
the medians of measured and estimated powers of all turbines. In the lower graph, weather
conditions (dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s),
cloudiness (1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an
icing event are presented.
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In Fig. 17, there is a rime ice event that is different from the previous one. Icing event starts
about at hour 12 when wind speed drops and lasts for about 12 hours. Icing conditions
have existed also before the event, but cloudiness has been low and wind speed high, so
ice accretion has not been able to grow ice load. Ice accretion stops at hour 20 when ∆T
grows and icing ends at hour 24 when cloudiness drops to zero. Prediction model manages
to predict the production very well, since the black curve is close to the red curve during
the entire icing event.

In rime ice event in Fig. 18, the model works also quite well. Production loss grows similarly
in measured power and prediction model data. The prediction model assumes the icing
event to end at hour 35 when cloudiness drops but the icing event does not end until 7
hours later. However, the production losses in this event are quite small and prediction
model predicts the production well.

In Fig. 19, another example of a rime ice event is shown predicted with prediction model.
When raining ends in the beginning of the figure, ice accretion starts due to icing conditions
(∆T is close to zero). After that, little changes in precipitation and cloudiness affect ice
load, as well as increasing wind speed. Finally, icing event ends at hour 58 when wind speed
grows enough. The model manages to predict the production very well during the whole
event.

In Fig. 20 and Fig. 21, there are examples of glaze events predicted by the prediction model.
In Fig. 20, glaze event stops the production entirely until the production starts again at
hour 81. Prediction model finds an event, but it is classified to the wrong icing type, since
the model classifies the event to be rime ice instead of glaze. Thus, an event is predicted
with wrong assumptions. However, the model manages to follow the real production quite
well in some points. The model assumes that icing event would end at hour 100 when it
starts to rain. The event has properties of both glaze and rime ice events, since production
is zero during hours 12−81 but instead of returning close to blue curve, measured power
stays below it like in rime ice events. Events like that are difficult to predict since the
prediction model does not change the event type during an event.

In Fig. 21 there is another example of a glaze event. This is similar to the previous figure
since the ice type is classified to be rime ice instead of glaze. This is because the temperature
is below −6◦C, which is the typical lower limit of glaze events. The event is predicted to
start too slow but, in the end, the production is predicted quite well.

In Fig. 22, an example of a wet snow event is presented. We can see that this event is not
predicted very well. The event is started when the temperature is lower than zero degrees,
and thus it is classified as a rime ice event instead of wet snow. Because of the wrong
classification, the event ends fast due to the start of rain and the model cannot predict the
event well.
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Figure 17: An example of a rime ice event where icing is predicted with the prediction
model. In the upper graph, relative measured power production Pmeasured is shown in red
curve, relative estimated power production Pestimated (without icing) is shown in blue curve,
and relative estimated production Pestimated (prediction model) calculated by the prediction
model is shown in black curve. Thin red and blue curves represent Pmeasured and Pestimated

of each individual wind turbine of the wind farm, respectively. The thick curves represent
the medians of measured and estimated powers of all turbines. In the lower graph, weather
conditions (dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s),
cloudiness (1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an
icing event are presented.
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Figure 18: An example of a rime ice event where icing is predicted with the prediction
model. In the upper graph, relative measured power production Pmeasured is shown in red
curve, relative estimated power production Pestimated (without icing) is shown in blue curve,
and relative estimated production Pestimated (prediction model) calculated by the prediction
model is shown in black curve. Thin red and blue curves represent Pmeasured and Pestimated

of each individual wind turbine of the wind farm, respectively. The thick curves represent
the medians of measured and estimated powers of all turbines. In the lower graph, weather
conditions (dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s),
cloudiness (1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an
icing event are presented.
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Figure 19: An example of a rime ice event where icing is predicted with the prediction
model. In the upper graph, relative measured power production Pmeasured is shown in red
curve, relative estimated power production Pestimated (without icing) is shown in blue curve,
and relative estimated production Pestimated (prediction model) calculated by the prediction
model is shown in black curve. Thin red and blue curves represent Pmeasured and Pestimated

of each individual wind turbine of the wind farm, respectively. The thick curves represent
the medians of measured and estimated powers of all turbines. In the lower graph, weather
conditions (dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s),
cloudiness (1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an
icing event are presented.
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Figure 20: An example of a glaze event where icing is predicted with the prediction model.
In the upper graph, relative measured power production Pmeasured is shown in red curve,
relative estimated power production Pestimated (without icing) is shown in blue curve, and
relative estimated production Pestimated (prediction model) calculated by the prediction
model is shown in black curve. Thin red and blue curves represent Pmeasured and Pestimated

of each individual wind turbine of the wind farm, respectively. The thick curves represent
the medians of measured and estimated powers of all turbines. In the lower graph, weather
conditions (dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s),
cloudiness (1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an
icing event are presented.
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Figure 21: An example of a glaze ice event where icing is predicted with the prediction
model. In the upper graph, relative measured power production Pmeasured is shown in red
curve, relative estimated power production Pestimated (without icing) is shown in blue curve,
and relative estimated production Pestimated (prediction model) calculated by the prediction
model is shown in black curve. Thin red and blue curves represent Pmeasured and Pestimated

of each individual wind turbine of the wind farm, respectively. The thick curves represent
the medians of measured and estimated powers of all turbines. In the lower graph, weather
conditions (dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s),
cloudiness (1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an
icing event are presented.

52



0 5 10 15 20 25 30

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30

-15

-10

-5

0

5

10

15

Figure 22: An example of a wet snow event where icing is predicted with the prediction
model. In the upper graph, relative measured power production Pmeasured is shown in red
curve, relative estimated power production Pestimated (without icing) is shown in blue curve,
and relative estimated production Pestimated (prediction model) calculated by the prediction
model is shown in black curve. Thin red and blue curves represent Pmeasured and Pestimated

of each individual wind turbine of the wind farm, respectively. The thick curves represent
the medians of measured and estimated powers of all turbines. In the lower graph, weather
conditions (dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s),
cloudiness (1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an
icing event are presented.
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4.3 Model accuracy

Mean squared errors were used to estimate model accuracy for the all three wind farms.
MSE values were calculated in three cases using the coefficients presented in Table 2. In
first case, MSE was calculated for the data points where T < 3◦C. In the second case
MSE was calculated during icing events. Icing events are observed by using the points
were T < 3◦C and the difference between measured and estimated power (without icing)
is higher than 200 kWh. In the last case, MSE was calculated in point were T > 3◦C. This
should remain the same since icing is not assumed to occur above 3 degrees.

The results in all 3 cases for all 3 sites are shown in Table 3.

Site 1 Site 2 Site 3

With PM Original With PM Original With PM Original

MSE ·10−3 when 59.7 67.1 71.1 76.0 8.05 5.29
T < 3◦C

MSE ·10−3 when
T < 3◦C and 326 415 295 406 175 206
L > 200 kWh

MSE ·10−3 when 12.9 11.8 22.4 22.3 6.7 6.6
T > 3◦C

Table 3: MSE values for all 3 sites when 1) T < 3◦C, 2) T < 3◦C and L > 200 kWh, and
3) T > 3◦C. The values are calculated for both prediction model (PM) and original power
estimation without icing.
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It can be seen from the results that the new prediction model is able to improve the power
estimations significantly in almost all cases. The only exception is the case 1 in site 3, where
MSE for original power estimation is lower that MSE with new model. The explanation
might be in the magnitude of the values. It can be seen that MSE values for site 3 are
overall lower to ones of sites 1 and 2, and especially the MSE of site 3 in case 1 (MSE ·10−3

= 5.29) is over 10 times smaller than the same values for sites 1 and 2. Thus, icing in site 3
is not as intensive as it is in other sites and the probability for false positives in icing event
prediction is higher. This could also be seen in Chapter 4.1.1 where it was found that icing
represents only 1.7% of the total production in site 3, compared to 3.5% in site 1 and 4.2%
in site 2. However, the prediction model manages to decrease MSE of site 3 in case 2, so
the real icing events are found well. Especially in case 2 for all sites, the improvements in
MSE values are significant. In site 1, the improvement is (415 − 326)/415 = 21%, for site
2 it is 27% and for site 3 it is 15%. In case 3, we can see that the values are close to each
other in all sites, as they should.
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5 Conclusions

In this work, measurement data from three wind farms in Finland were used to find icing
events of three ice types and create a prediction model to predict power production loss
due to icing. The most important objectives were to find the icing events and differences
of ice types from the data and to find how weather conditions affect icing events. After
finding the correlations, the objective was to create a prediction model for predicting icing
losses that would, on average, be more accurate than a model without icing predictions.

Icing events were found from all three wind farms, 49 from site 1, 46 from site 2 and
26 from site 3. Rime ice events were the most common, since 70% of the events were
rime ice events, but also glaze and wet snow events were found. January was the month
with the most events, as seen in Fig. 6, but events were found from October to May.
When the production losses caused by the icing events were investigated, it was found that
icing represented 3.5%, 4.2%, and 1.7% of the total power production in sites 1, 2, and
3, respectively. It was found that glaze events caused bigger production losses in relation
to their number, compared to other event types, as seen in Fig. 7. Glaze events were
responsible for 30% of the production losses, when the share of glaze events was only 17%.
This means that glaze events are more relevant in relation to production losses than it
could be inferred from the amount of glaze events. Instead, the effect of wet snow events
to production losses is quite small, since only 13% of events were wet snow events and
they formed only 5% of the production losses. Thus, it was clear that it would be the most
important to concentrate on rime ice and glaze events since they are responsible for 95%
of production losses.

Different icing events were found to differ from each other: in rime ice events, production
loss was first increased and then decreased, while in glaze events, the turbine could get
stuck entirely and then ice breakage occurred at a certain point, and in wet snow events,
production suddenly dropped and then quickly returned to normal (differences can be seen
in Fig. 8). It was found that the temperatures and other weather conditions during icing
events of different icing types differed from each other, as assumed. Temperatures were the
lowest during rime ice events and the highest during wet snow events.

Events were classified to icing types according to their appearance, not conditions. Thus,
for example temperatures were not always between the typical temperature limits of the
icing type where the event was classified. It was decided to classify the events according to
their shape in this work, since it gave a possibility to find differences in the conditions of
events with different behavior. Since we do not have photographs of the real icing events,
we cannot be sure if the icing type classifications were right, especially when the typical
temperature ranges of rime ice and glaze overlap. However, in this work, the main objective
was to predict icing losses, so it is not as important to know if the classification was right
in all events, as long as the predictions are accurate enough.
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When the icing events of all icing types were analyzed, important observations were made
on the behavior of icing. At a start of most events, production loss increased when ice load
on turbine blades grew due to ice accretion. When icing conditions ended, the production
loss decreased due to ice shedding until production loss reached zero. It was found that
production losses were typically higher in colder temperatures and many weather conditions
affected the icing processes. It was found that icing events typically ended if it started to
rain, or cloudiness dropped during events. This occurred in both rime ice and glaze events.
In wet snow events, icing was precipitation icing and thus rain did not stop the events.
This finding was one of the most important in this work, since it explains when an ice
breakage point probably occurs in glaze events. The difference between production losses
before and after ice breakage point can be close to the maximum power of the turbine, so
the prediction errors during these hours are typically very high. In relation to prediction
model, these findings are significant.

It was decided to use ice accretion and shedding rates as a base of a new prediction model.
Another option would have been to assume production loss caused by icing as constant, but
the model based on ice accretion physics was noticed to be more accurate. It was assumed
that production loss would be linearly dependent on ice load on turbine blades and that
ice accretion would be different in different icing types. Ice type recognition was done with
temperature limits and the limits WSlimit and Rlimit explained in Chapters 3.1.1 and 3.3.
Also, the recent data findings were used to find if event ends before all ice is removed by
shedding. It was added to the model that icing event ends by precipitation, by a decrease
in cloudiness or by wind speed that is high enough. The model was optimized with the
data to find ice accretion and shedding coefficients.

When using an optimized model, it was found that MSE values of estimated production
values decreased with the prediction model during icing events in all three sites. In many
cases optimized prediction model was able to predict the actual production during icing
events very well. During icing events, the difference between estimated and real production
dropped 21% in site 1, 27% in site 2 and 15% in site 3, when using the new prediction
model. This is a great improvement, since icing events are typically very difficult to predict
accurately in real world conditions and the costs caused by them are remarkable.

The biggest challenges in the prediction model were related to icing type recognition. There
were several cases, where the model was not able to recognize the icing type right, which
caused inaccuracy to the predictions. There should be more ways to recognize the icing
type than using only temperature and limits of wind speed and precipitation. Another
option could be to give the model an opportunity to mix icing types when the conditions
are close to the temperature limit between icing types. Especially glaze events were difficult
to recognize. Growing the wind speed limit WSlimit caused more false events, but due to
small value of WSlimit, many glaze events were classified to rime ice events by the prediction
model. In many glaze cases, ice breakage point could have been predicted very well, if the
icing type would have been properly recognized. As seen in the figures in Appendix A, rain
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or decrease in cloudiness can predict the ice breakage point in practically all glaze events.
This may be the most useful result in this work, due to high production losses of glaze
events.

The predictions of energy production are typically made to the next day so, in real case,
the real production data of the present time is available when estimating the production
for the next 24 hours. This means that the model could be improved by letting it use the
measured power data from the previous day to see which the icing type is. This probably
would improve the model significantly and the challenges with icing type recognition could
also been reduced.

When optimizing the model, it was decided not to concentrate on wet snow events and this
could be seen in the prediction results. It was found that the results were better when the
wet snow events were optimized to be very small. This might be because there are lots of
cases during data range, where temperature is between 0 and 3 degrees, icing conditions
exist, and it is raining. However, not all these cases cause icing events that affect the
production. Thus, increasing the coefficients of wet snow events would cause more false
events that would worsen the results. Concentrating on wet snow events is not relevant,
though, since the share of production loss in wet snow events is low.

Atmospheric icing is veritably a complex phenomenon which is difficult to simulate and
model. It could be seen from the result figures that icing effects are varying surprisingly
much between individual turbines, even though it could be assumed that the existing
conditions are very similar. However, it could be seen that even with reasonably simple
assumptions, well-working prediction model could be built. The model can be optimized
for each wind farm by changing the coefficients, or even for separate turbines, if it is needed
for improving the predictions. A model like this could significantly reduce icing costs in
wind power industry by improving the production estimations. In the future, if ADIS
systems would become more cost-effective, the optimal solution for wind farms might be a
combination of working ADIS systems and the prediction model improving the estimations
for icing events that cannot fully been removed by ADIS.
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A Clear ice events
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Figure 23: The example of a clear ice event where ice breakage point is caused by the
start of rain. In the upper graph, relative measured power production Pmeasured is shown
in red curve, and relative estimated power production Pestimated without icing is shown in
blue curve. Thin red and blue curves represent Pmeasured and Pestimated of each individual
wind turbine of the wind farm, respectively. The thick curves represent the medians of
measured and estimated powers of all turbines. In the lower graph, weather conditions
(dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s), cloudiness
(1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an icing event
are presented.
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Figure 24: The example of a clear ice event where ice breakage point is caused by the
start of rain. In the upper graph, relative measured power production Pmeasured is shown
in red curve, and relative estimated power production Pestimated without icing is shown in
blue curve. Thin red and blue curves represent Pmeasured and Pestimated of each individual
wind turbine of the wind farm, respectively. The thick curves represent the medians of
measured and estimated powers of all turbines. In the lower graph, weather conditions
(dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s), cloudiness
(1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an icing event
are presented.
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Figure 25: The example of a clear ice event where ice breakage point is caused by the
start of rain. In the upper graph, relative measured power production Pmeasured is shown
in red curve, and relative estimated power production Pestimated without icing is shown in
blue curve. Thin red and blue curves represent Pmeasured and Pestimated of each individual
wind turbine of the wind farm, respectively. The thick curves represent the medians of
measured and estimated powers of all turbines. In the lower graph, weather conditions
(dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s), cloudiness
(1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an icing event
are presented.
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Figure 26: The example of a clear ice event where ice breakage point is caused by the
start of rain. In the upper graph, relative measured power production Pmeasured is shown
in red curve, and relative estimated power production Pestimated without icing is shown in
blue curve. Thin red and blue curves represent Pmeasured and Pestimated of each individual
wind turbine of the wind farm, respectively. The thick curves represent the medians of
measured and estimated powers of all turbines. In the lower graph, weather conditions
(dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s), cloudiness
(1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an icing event
are presented.
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Figure 27: The example of a clear ice event where ice breakage point is caused by the
start of rain. In the upper graph, relative measured power production Pmeasured is shown
in red curve, and relative estimated power production Pestimated without icing is shown in
blue curve. Thin red and blue curves represent Pmeasured and Pestimated of each individual
wind turbine of the wind farm, respectively. The thick curves represent the medians of
measured and estimated powers of all turbines. In the lower graph, weather conditions
(dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s), cloudiness
(1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an icing event
are presented.
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Figure 28: The example of a clear ice event where ice breakage point is caused by the
start of rain. In the upper graph, relative measured power production Pmeasured is shown
in red curve, and relative estimated power production Pestimated without icing is shown in
blue curve. Thin red and blue curves represent Pmeasured and Pestimated of each individual
wind turbine of the wind farm, respectively. The thick curves represent the medians of
measured and estimated powers of all turbines. In the lower graph, weather conditions
(dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s), cloudiness
(1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an icing event
are presented.
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Figure 29: The example of a clear ice event where ice breakage point is caused by a decrease
in cloudiness. In the upper graph, relative measured power production Pmeasured is shown
in red curve, and relative estimated power production Pestimated without icing is shown in
blue curve. Thin red and blue curves represent Pmeasured and Pestimated of each individual
wind turbine of the wind farm, respectively. The thick curves represent the medians of
measured and estimated powers of all turbines. In the lower graph, weather conditions
(dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s), cloudiness
(1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an icing event
are presented.
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Figure 30: The example of a clear ice event where ice breakage point is caused by a decrease
in cloudiness. In the upper graph, relative measured power production Pmeasured is shown
in red curve, and relative estimated power production Pestimated without icing is shown in
blue curve. Thin red and blue curves represent Pmeasured and Pestimated of each individual
wind turbine of the wind farm, respectively. The thick curves represent the medians of
measured and estimated powers of all turbines. In the lower graph, weather conditions
(dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s), cloudiness
(1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an icing event
are presented.
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Figure 31: The example of a clear ice event where ice breakage point is caused by a decrease
in cloudiness. In the upper graph, relative measured power production Pmeasured is shown
in red curve, and relative estimated power production Pestimated without icing is shown in
blue curve. Thin red and blue curves represent Pmeasured and Pestimated of each individual
wind turbine of the wind farm, respectively. The thick curves represent the medians of
measured and estimated powers of all turbines. In the lower graph, weather conditions
(dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s), cloudiness
(1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an icing event
are presented.

71



0 10 20 30 40 50 60

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

-15

-10

-5

0

5

10

15

Figure 32: The example of a clear ice event where ice breakage point is caused by a decrease
in cloudiness. In the upper graph, relative measured power production Pmeasured is shown
in red curve, and relative estimated power production Pestimated without icing is shown in
blue curve. Thin red and blue curves represent Pmeasured and Pestimated of each individual
wind turbine of the wind farm, respectively. The thick curves represent the medians of
measured and estimated powers of all turbines. In the lower graph, weather conditions
(dew point Td (◦C), material temperature Tdelay (◦C), wind speed WS (m/s), cloudiness
(1/8), precipitation (0.1 · mm), and relative humidity RH (10 · %)) during an icing event
are presented.
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