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ABSTRACT
Structural icing is a persistent challenge for the production

of renewable energy from wind. It is mainly caused by super-

cooled atmospheric droplets of water, which are very common

in cold climates. In the most exposed wind parks in Sweden,

more than 10 per cent of annual energy production can be

lost. Some properties of liquid water are included in current

Numerical Weather Prediction (NWP) models and are used as

input parameters for the estimation of icing, but they are rarely

measured in-situ for verification or validation.

To address this problem, a new instrument was developed.

This compilation thesis is a collection of five articles describing

the development, testing and verification of this instrument.

Finally, icing and ice loads are measured and compared with a

standard model and a model using Artificial Intelligence (AI)

and empirical data.

The new instrument, called Droplet Imaging Instrument

(DII), is based on shadowgraph imaging using Light Emitting

Diode (LED) light as background illumination and digital image

processing. The components were selected with the possibility

of low-cost volume production in mind. The applications of

a commercial instrument based on this technique include, for

example, real-time in-situ icing condition measurements and

assimilation and verification of data in NWP models. The

instrument, alongside a reference instrument, was tested in two

locations with different icing conditions. Shadowgraph imaging

and its limitations as a measurement method for droplet size

and concentration were investigated.

The work presented shows that measurements of the size

and concentration of water droplets using shadowgraph im-

ages can be used for the comparison and validation of NWP

models and other instruments. The Coefficient of Variation (CV)

for a given value of the concentration is lower than 1.6 % for

droplets 25 µm in diameter, based on uncertainty in the size

measurement only. The accuracy of the sampling volume can

be improved by measuring the background light intensity in

the position of the measured droplet.

page | v



Abstract

A fog chamber was used for initial tests. However, to eval-

uate models of ice accumulation, in-situ measurements are

necessary. These measurements should use a temporal resolu-

tion of at least one sample per minute, preferably higher. With a

limited amount of data, multivariate data analysis can be used

to estimate the level of ice accretion. Together with a heuristic

model of erosion/ablation, the resulting figures can be used to

simulate the ice load.

All of the instruments, as well as many other components

usedduring the describedfieldmeasurements,didat some point

break due to the difficult weather conditions. An instrument

for measurement of icing conditions needs to be designed with

high environmental protection and endurance. The results in

the attached papers may help and motivate further technical

development of instruments that can measure atmospheric

liquid water in icing conditions.
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SAMMANFATTNING
Isbildning är ett bestående utmaning för produktionen av

förnyelsebar energi baserad på vindkraft. Orsaken är framför

allt underkylda vattendroppar i atmosfären, vilka är mycket

vanligt förekommande i kalla klimat. I de mest exponerade

vindkraftparkerna i Sverige kan mer än 10 procent av den

årliga energiproduktionen gå förlorad på grund av atmosfärisk

nedisning.

För att adressera detta problem utvecklades ett nytt instru-

ment. Denna avhandling är en sammanställning av fem artiklar

som beskriver utveckling, test och verifiering av detta instru-

ment. I den sista fältstudien mättes även isbildning och islast,

vilket jämfördes med en standardmodell samt en modell som

använder AI och empirisk data.

Det nya instrumentets mätmetod baseras på skuggfotogra-

fering av vattendroppar med en LED som bakgrundsbelysning

samt digital bildbehandling. Valet av komponenter samt kon-

struktionens enkelhet möjliggör låg produktionskostnad av

en serieproducerad variant av detta instrument. Exempel på

applikationer för ett kommersiellt instrument baserat på denna

teknik är villkorsmätning för nedisning i realtid samt assimila-

tion och verifikation av data i numeriska vädermodeller. Detta

instrument, tillsammans med ett referensinstrument testades i

fält på två platser med olika nedisningsförhållanden. Skuggfo-

tografering och denna mätmetods begränsningar undersöks.

Arbetet som presenteras visaratt mätning av storlek och kon-

centration av vattendroppar med hjälp av skuggfotografering

kan användas för validering av numeriska (NWP) vädermodel-

ler och andra instrument. Variationskoefficienten (CV) för ett

värde på mängden flytande vatten är mindre än 1.6 percent för

droppar som är 25 µm i diameter, endast baserat på osäkerheten

i storleksmätningen. Noggrannheten i samplingsvolymen kan

förbättras genom att mäta bakgrundsljusets intensitet vid den

position i bilden som den uppmätta droppen befinner sig.

Inledningsvis testades instrumentet med hjälp av en dim-

kammare. För att utvärdera nedisningsmodeller är det nöd-

vändigt med fältmätningar. Dessa mätningar bör utföras med
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Sammanfattning

en temporal upplösning som är minst ett sampel per minut,

helst högre. Med en begränsad mängd data kan multivariat

dataanalys användas för att estimera nedisningshastigheten.

Tillsammans med en heuristisk modell av erosion/ablation kan

den användas för att simulera ackumulerad islast.

Samtliga instrument och många andra komponenter gick

sönder någon gång under mätningarna på grund av de svåra

väderförhållandena. Ett instrument för mätning av nedisning

behöver vara konstruerat med starkt miljöskydd och hög till-

förlitlighet. Resultatet i de bifogade artiklarna kan hjälpa och

motivera ytterligare teknisk utveckling av instrument som kan

mäta vattendroppar vid isbildning.
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Chapter 1

INTRODUCTION
Pure water has the feature of being able to cool to below the

point of freezing: it is then called supercooled. Supercooled

atmospheric droplets of water in clouds are very common in

cold climates. When the supercooled water comes into contact

with a structure, it quickly freezes. If the conditions persist,

the ice accumulates and may cause problems for aeroplanes or

infrastructure, such as wind turbines or power lines. Figure 1.1

shows ice that have accumulated on instrumentation.

About one third of global installed wind-power capacity

is located in cold climates, defined by International Energy

Agency (IEA) as regions that experience frequent atmospheric

icing or periods with temperatures below the operational limits

of standard IEC 61400-1. These locations often have high po-

tential for wind-energy production, but icing of rotor blades

is considered one of the major challenges [11, 17, 85]. Heavy

pieces of ice may become detached from the blades and hit

people or property. However, icing on wind turbines is not only

a matter of safety: estimations show that 2–20 per cent of the

annual energy production in cold climates is lost due to this

issue [38, 18, 3, 36, 32].

For the planning and operation of wind turbines, it is essen-

tial with accurate prediction of power losses [18]. Langmuir and

Blodgett (1945) did pioneering work calculating trajectories of

droplets, and considerable work has been done to understand

the physics and nature of icing[50, 24, 25, 19, 53, 54, 55], but pre-

diction of icing and ice load is still considered difficult [60, 77].

Despite years of research, the icing process is not fully under-

stood, and all available instruments have different limitations

and uncertainties [6]. For a wind turbine, both the indication of

icing and its counterpart, the indication of no ice, are relevant
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Chapter 1. Introduction

Figure 1.1: Ice accumulated on instruments in Åre 2019-02-22.

[13].

If icing conditions could be predicted or measured more

accurately, anti-ice measures could be applied more efficiently,

and energy production mechanisms, including wind farms,

could be better planned. The intention of carrying out the

work leading to this thesis was to find a low-cost and accessible

method to measure and predict atmospheric icing by measuring

the optical properties of liquid water in clouds. The thesis

describes the development and tests of an instrument using

shadowgraph imaging to detect and measure the properties

of liquid water to understand the conditions for atmospheric

icing on structures. The text may interest people engaged in

meteorological instruments or wind turbine development, wind

energy planning, cold climate technology or meteorology.

The amount of ice that accumulates on a structure depends

on a combination of the aerodynamic shape of the structure
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or aerofoil, the wind speed, the temperature, the mixing of

snow and water, the concentration of liquid water and the size

distribution of droplets. The properties of liquid water are

difficult to determine, and instruments for measuring them

are scarce. The are commonly given as values of Liquid Water

Content (LWC) and Median Volume Diameter (MVD).

Parts of the work are described in the Licentiate Thesis

"Measuring Water Droplets to Detect Atmospheric Icing". [67].

Main research questions:

RQ1 How can LWC and MVD be measured with a single-

camera-based system?

RQ2 Can the system be integrated to meet relevant environ-

mental and real-time requirements? How should this

instrument be made physically and which components

should be used?

RQ3 How can the instrument be tested and its function verified

in a laboratory environment?

RQ4 How can the measured LWC and MVD be compared and

verified in the field? What differences will arise based on

using different methods and/or instruments?

RQ5 Can the developed instrument be used for estimation of

icing?

RQ6 How will the instruments perform in severe icing condi-

tions?

RQ7 Is is possible to train a model using multivariate data

analysis to make an estimation of the ice load comparable

to the results provided by conventional models?

RQ8 How will the result change when measuring a particle

in different spatial positions of an image and in different

lighting conditions?
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Chapter 1. Introduction

RQ9 What levels of precision and accuracy does the imaging

instrument provide for LWC and MVD measurements?

Paper I describes a shadowgraph system that uses edge

detection to define a measurement range depending on the size

of a particle and the image’s Signal to Noise Ratio (SNR). Paper II

describes the droplet size measurement method, an evaluation

of the instrument’s physical design with weather protection and

measurements of LWC and MVD in a purpose-built fog chamber.

Paper III presents a verification of the size measurement using

polymer microspheres in calibrated distributions traceable from

the NIST and a field study of LWC and MVD close to the ground

using the DII and a comparative study using the CDP. Paper

IV describes an investigation of how the measurement range

changes depending on the position of each measured particle

in an image. Paper V describes the measurement of droplets

and icing on Mt. Åreskutan and an analysis of the results.

1.1 Scientific Contribution

Measuring the properties of atmospheric water in freezing con-

ditions is essential in order to understand and predict icing on

structures. However, multiple instruments are often needed to

ensure all the relevant types and sizes of particles are measured.

Instruments are also prone to failure in icing conditions.

The work in this thesis and the attached paper shows that it

is possible to measure the size of both small and large particles

and their concentration in icing conditions accurately using a

single instrument based on shadowgraph imaging.

The measurements described in Paper V partly confirm

established models of icing, but also show that it is difficult to

apply them in conditions with severe icing and in conditions

with varying icing rates. They also indicate that there exist

strong icing events that have other causes than LWC and MVD;

e.g., mixed-phase precipitation or wet snow.
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1.2. Introduction to Measurements of Atmospheric Icing

LWC and MVD are rarely measured at the locations of

planned or existing wind turbines [63, 52], or used for confir-

mation of NWP model predictions. Measuring these properties

accurately and frequently would be advantageous for the plan-

ning of new windmill farms or for the application of anti-icing

arrangements on existing power stations.

This work provides a basis for the development of an instru-

ment based on the described technique and could encourage

more published studies regarding icing and atmospheric water.

1.2 Introduction to Measurements of Atmospheric Icing

Atmospheric icing is the process that takes place when ice

accumulates on an object due to cold water deposits, either

by droplets colliding with the object or by direct deposition.

Supercooled water droplets freeze when they make contact with

a structure. In theory, the volume of deposited water could be

calculated by tracing the dynamic of the complete ensemble of

droplets. Calculating the collision efficiency of every droplet in a

distribution is impractical, so most calculations on distributions

use an approximation. The commonly accepted approximation

is to use the MVD. This approach to atmospheric icing was

pioneered by Langmuir and Blodgett [50], who also introduced

the method of measuring MVD and LWC by weighing the ice

accumulated on multiple sized rotating cylinders. The method

has been used and improved by Makkonen [54], Finstad [24]

and others.

Today, meteorology institutes include MVD and LWC in

LWC models in order to predict icing [76, 46, 61]. Combined

with information about the aerodynamic properties of wind

turbines, they could give more accurate predictions regarding

icing or even result in better design of wind turbines and

improved anti-icing methods. These measures can be estimated

by satellite or radar images, but obtaining a precise value from

radar reflectivity is difficult [59]. There have been periodic
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Chapter 1. Introduction

attempts to verify the icing estimations in NWP models using

in-situ data [9], but as far as we know there have been few

attempts to verify the LWC and MVD at a fixed position.

The LWC value is usually given in either g m
−3

[70], or as the

mass quote of water and air; g kg
−1

. The MVD value is a point

(diameter) in the Droplet Size Distribution (DSD) where half

of the total volume of water in the DSD is above the diameter,

while the other half is below. The MVD and LWC values are

base parameters in the current understanding and modelling

of icing.

1.3 Rare Measurements

In-situ measurements of MVD and LWC are rare, especially in

icing conditions. The rotating multiple cylinders mentioned in

previous section, require manual operation for every sample.

More recent instruments in this field are usually developed for

use on aeroplanes, moving continuously at a relatively high

constant speed. At ground level, LWC and MVD depend greatly

on the local geographical topology. Natural wind speeds are

usually lower and more variable in both speed and direction.

While an aeroplane moves quickly in and out of the icing cloud,

a fixed location such as the top of a mountain may experience

long-term exposure to severe icing. An instrument at a fixed

location must be able to work in conditions of different wind

speeds and wind directions, and must continue to function in

icing conditions without active maintenance.

Imaging sensors to measure the size and concentration

of droplets were introduced by Robert Knollenberg in the

early 1970s [41]. The sensor consisted of a laser-illuminated

linear array of photo detectors, which was used to produce

two-dimensional images of the particles’ shadows. Develop-

ment of this technique has included using image sensors to

save grayscale images of the detected particles [48, 81]. The

DII described in this thesis is based on this technique. Two-
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1.3. Rare Measurements

Figure 1.2: Shadowgraph images showing a 50 micrometer calibration

target (left) and a droplet of comparable size (right). Both objects are

slightly out of focus.

dimensional imaging probes are often referred to as Optical

Array Probe (OAP). In particle shadow velocimetry (PSV) [21],

or spray characterization [84], the technique is usually referred

to as shadowgraph imaging. Figure 1.2 shows shadowgraph

images of a circular calibration target and a droplet.

In icing conditions, snow and ice are sometimes mixed with

liquid water, which contributes to the accumulated ice. So-

called mixed-phase conditions, when ice crystals co-exist with

supercooled liquid water, are common and add complexity

to the process [46, 55, 56, 35, 31, 1]. In order to investigate

the icing process completely, it is necessary to measure both

the liquid water as well as the frozen water content. Using

imaging for measuring, means that the image data could be

used to calculate the frozen water content as well. A method to

characterise ice particles in microscopic images using Fourier

shape descriptors [28, 79] has been described [47]. Although DII

could theoretically be used to measure all kinds of precipitation,

we took the decision to focus on liquid water. Example images
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of ice particles detected by DII are shown in Figure 1.3.

To increase the scientific value of measurements in this

field, long time series and multiple measurement locations

are desirable. High temporal resolution measurements are of

interest to study the icing process . Therefore, there is a dire

need for affordable instruments that can measure icing clouds

that include both liquid water and ice. It would also be an

advantage for the scientific community if the collected data was

made publicly available.

1.4 Initial Choices

We evaluated a few different technologies and methods. For

example, laser lights have been used in droplet measurement,

for counting individual particles or background illumination.

Lasers can be focused and they provide high output power, but

unless modified, the coherent light results in strong interference

patterns that complicate image analysis. Incoherent light is not

as sensitive to misalignment and the development of low-cost,

high-power LED options looks promising. At the initial tests

blue light gave better SNR than infrared. We thus decided to

use a blue LED as background illumination in a shadowgraph

imaging system.

1.5 From Laboratory to Field

The principal system was first tested in laboratory conditions.

In order to ensure that it would function in field conditions, the

system was upgraded with a high-current short-pulse generator

and built in water-protected and heated housings. The image-

processing process was automatised and the system was tested

in a fog chamber. This is the system that is called the DII

throughout the restof this thesis. The droplet size measurements

were verified using a micrometer dot scale as well as calibrated

samples of polymer microspheres. Results from the different
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1.5. From Laboratory to Field

laboratory measurements are presented in Paper I, Paper II and

Paper IV. Details regarding the fog chamber are presented in

Paper II.

To test the DII in a real-world condition and to verify the

droplet measurements, we installed it together with a refer-

ence instrument at one of the Sveriges meteorologiska och

hydrologiska institut, (Swedish Meteorological and Hydrologi-

cal Institute) (SMHI)’s measuring stations on the Klövsjöhöjden

mountain, located close to Klövsjö in central Sweden. Results

from these measurements are presented in Paper III.

The Klövsjö measurements show that the DII can be used for

measuring LWC and MVD. However, we knew that the icing

conditions a few hundred metres higher in the atmosphere may

be completely different. We also wanted to relate the LWC and

MVD values to a measure of the ice accumulation on a structure.

Therefore, two instruments to measure icing and ice load were

integrated. The equipment was fitted on a mast and installed

on Mt. Åreskutan, about 110 km to the north west of Klövsjö

in the mountain range bordering Norway. Mt. Åreskutan is

accessible only by cable car and is infamous for the severe icing

conditions encountered there every winter. Results from these

measurements are presented in Paper V.

Many challenges were encountered during this study. Per-

forming measurements witha new measurement system located

300 km away on the top of a mountain in extreme weather condi-

tions is highly complex, in terms of getting everything in place

and in working order, of maintaining the system when things

break, and finally of evaluating and screening meaningful data.

The work was a journey with many ups and downs. Despite

hard work and careful planning, a considerable amount of pure

luck was also involved in obtaining sufficient meaningful data

for analysis.
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Figure 1.3: Shadowgraph images showing ice particles of different

sizes. These particles were registered by the DII during the measure-

ments in Klövsjö, but no categorisation or size measurement was

done at the time.

1.6 Related Techniques

Light scattered from a focused laser [4, 20] can also be used

to measure single particles. In this approach, a laser beam

illuminates passing particles. When a particle is detected, its size

is determined by comparing the variations in light with a pattern

derived from the Mie scattering solutions [58]. The CDP used

as a reference instrument in the current study functions on the

basis of this technique. For accurate airborne measurements of

LWC, MVD and ice content, several instruments and techniques

are often combined in a single probe [7, 5].

An optical technique that is very similar to shadowgraph

imaging is in-line holography [51]. In principle, this is a shadow-

graph imaging system that uses laser background illumination

to create two-dimensional images of the diffraction patterns

created by the passing particles. These patterns are measured
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1.6. Related Techniques

to reconstruct images of the particles. Applications of this

technique exist in both airborne [26, 72] and ground based

instruments [33, 14, 40]. An advantage of the holographic tech-

nique is the increased measurement range; i.e., the useable

depth in each image [39].
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Chapter 2

THEORY
This chapter includes an introduction to the physics behind

ice formation on structures in order to explain why we are

interested in measuring MVD and LWC. The first two sections

briefly describe the measurement parameters and some practical

problems involved in measuring icing. The last section considers

the scattering of light by small particles.

2.1 Icing from Atmospheric Liquid Water

The International Energy Agency (IEA) defines cold-climate

areas, in terms of wind-energy production, as regions that expe-

rience frequent atmospheric icing or periods with temperatures

below the operational limits of standard IEC 61400-1 ed3 wind

turbines. Atmospheric icing occurs when ice originating from

atmospheric humidity, snow, ice or water accretes on structures

[11].

The standard ISO 12494 "Atmospheric Icing of Structures"

from 2001 describes the general principles of determining ice

load on structures [62]. The traditional classification of atmo-

spheric icing is categorised into icing caused by precipitation

and in-cloud icing. Mixed conditions involving both precipita-

tion and in-cloud icing are frequent. Icing may also be caused

by direct sublimation of water vapour on a cold surface.

An icing event can be divided into three phases: incubation,

accretion and persistence/ablation. Meteorological icing refers

to the first two phases, during which meteorological conditions

allow for ice accretion. Incubation is the stage of meteorological

icing before accretion starts; i.e., before the structure’s surface is

cold enough. The length of each of these phases and the severity

of icing depend on a combination of several meteorological
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Chapter 2. Theory

Figure 2.1: Supercooled water droplets on collision course with an

aerodynamic profile.

parameters, as well as the shape, the surface structure and the

temperature of the structure or the aerofoil.

Whether a particle is likely to follow the flow or collide

depends on the flow velocity, the size and shape of the obstacle

and the density and drag coefficient of the particle. This rela-

tionship is established in fluid mechanics and can be quantified

as the Stokes number (Stk). Small droplets or ice particles with

Stk≪ 1 may continue with the airflow around the profile, while

larger particles with Stk≫ 1, due to their inertia, collide with

the structure. A supercooled droplet colliding with a structure

is likely to freeze upon impact. Figure 2.1 illustrates the differ-

ence between supercooled drops of different sizes passing an

aerodynamic profile.

To model icing, it is important to know the total amount of

liquid water in the air, measured through the value of LWC.

Since modelling of icing including all sizes of droplets would be

impractical, researchers have attempted to determine a single

value that can best represent the whole distribution. To estimate

the amount of icing created by supercooled water droplets,

MVD has been shown to be an effective approximation of the

whole distribution of droplet diameters [55, 24]. This measure

defines the point where half of the total volume of liquid content
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in a fixed air volume consists of droplets with larger diameters,

and the other half of those with smaller diameters. The MVD

value can be used as an approximation of the DSD to simulate

ice accretion on wind turbines [18].

2.2 Requirements on Measurement of LWC and MVD

While icing caused by supercooled large droplets, with diam-

eters from approximately 50 µm to several mm, often result

in heavy icing due to the droplets’ shape and rapid build-up,

icing may occur even with droplets as small as 5 µm [69, 15,

35]. However, in most cases, icing is caused by cloud droplets

measuring between 10 µm and 30 µm in diameter [52, 15].

Techniques and best practice for measuring droplets are

slowly improving, but most commercially available instruments

are based on designs made for specific purposes. A design made

for use on an aeroplane and for research purposes may not be

optimal for acquiring fixed, close-to-ground measurements in

icing conditions [37, 4, 5, 48]. Studying droplets smaller than 5

µm may not be as interesting as being able to measure larger

droplets, and speed may not be as important as reliability and

affordability. Simultaneous measurements from several loca-

tions are desired, which means that the cost per instrument has

to be low. Ideally it should be possible to place the instrument

near the highest point of a turbine [34].

It is difficult to measure all kinds and sizes of particles using a

single instrument. Therefore, atmospheric aerosol studies often

use one or several instruments combining different techniques.

Each technique has its own limitations and problems. It is also

practically difficult to create a reference sample that can be

used for calibration. Free floating water droplets are affected by

gravity, they eventually collide and coalesce, evaporate or stick

to adjoining surfaces. This makes it difficult to measure and

find out the physical properties without affecting the sample.
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An imaging instrument is limited by the optical system’s

resolution, its field of view and the usable depth of field or the

measuring range.

Most instruments affect the sample; e.g., when droplets

get stuck on the inlet [74] or change direction before entering

the sample area. At higher wind speeds, particles shatter into

smaller droplets or bounce off the supporting structure making

up the instrument [16, 22]. All droplets or particles approaching

an obstacle are affected by the changes in pressure and wind

direction surrounding it, with different effects depending on

the size and weight of each particle. Heavy particles with high

Stokes numbers are less likely to change direction; however,

measurement probes working by extraction of air using a me-

chanical air pump would expect a loss of particles with both

small and large Stokes numbers, the first due to deflection before

reaching the inlet, the latter on the inside of the inlet. Ideally,

the measuring device should be designed to have as little effect

on the free flow of particles as possible [5].

An instrument fixed to the ground also needs to be oriented

in the direction of the wind, or must have a design that is

unidirectional.

An example of an instrument that makes use of the fact

that supercooled water droplets will freeze upon impact is

the rotating cylinder model developed by Makkonen [52]. By

exposing cylinders of different diameters, depending on the

amount of ice accumulated on each cylinder, MVD and LWC

can be calculated using a theoretical model. This technique is

an alternative to the single-particle measurements; however, it

requires manual disassembling and weighing of the cylinders.

Additionally, the technique only works when all droplets freeze

upon impact with the cylinders.

Instruments based on Mie calculations of light scattering

sometimes struggle to deal with a non-linear relation between

scattering response and diameter. Aliasing in the sample bin
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resolution can lead to spikes in the DSD. Particularly interesting

is the 10-to-15-µm range, where two particles with diameters

differing by more than one micrometre can display the same

scattering intensity response [20, 74, 10].

2.3 Light Scattering and Absorption

In visible light, water is almost transparent. This means that

the imaginary part of the refractive index, i.e. the absorption, is

very small, while for some wavelengths it increases many times.

This fact is used in two-colour lidar measurements [82]. The

real part of the refractive index for water is much more stable;

approximately 1.3 in the visible-to-near-infrared range [30, 45].

For a shadowgraph system, the refractive index of air can

be approximated to one. A droplet functions as a spherical lens

with a very short focal length. When exposed to a background

illumination it will scatter almost all of the light that reaches

it, causing a shadow that appears as a black disc except for the

light passing straight through the centre. Some of the light will

also be absorbed, but the absorption of light by a single water

droplet is negligible due to its small volume.

When the light source is large compared to the size of the

droplets, as when using a collimated LED, the intensity of

the centre Arago spot caused by Fresnel diffraction is small

[65]. However, the bright spot created by light passing straight

through the droplet is visible and needs to be handled by the

image-processing algorithm.

In a cloud, the combined effect of all droplets scattering

and absorbing light will make it look non-transparent from

a distance. The higher LWC in the cloud, the less light will

pass through. This effect is measured as the extinction [10].

Calculating LWC by measuring the light’s extinction is possible,

for example by using a Raman Light detection and ranging

(LIDAR) [2].
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Chapter 3

METHODS
This chapter sums up some of the major practical steps towards

this thesis. The most important elements of the work are also

described in the attached papers.

3.1 The Shadowgraph System

The development of the DII and a full description are pre-

sented in Paper I and Paper II. This is a short introduction.

The instrument is a shadowgraph system using a monochrome

Complementary Metal Oxide Semiconductor (CMOS) camera

with a 4x magnifying telecentric lens, and with a blue LED with

a collimating lens as background illumination. Figure 3.1 shows

a sketch of the system.

Figure 3.1: Principle of shadowgraphy. 1. Camera. 2. Telecentric lens.

3. Parallel focused light beam. 4. Collimating lens. 5. LED.

In visible light, a water droplet can be seen as a spherical

lens with a short focal length. Most of the incident light will

be spread in diverging directions, making the droplet appear

as a black shadow against a bright background. We compared

two different wavelengths—455 nm (blue) and 850 nm (near

infrared)—using the same optical setup. The shorter wavelength

gave sharper images and higher SNR.

A stage micrometre scale was used for characterisation of

the system and calibration of the size measurement. This holds

true given that the optical silhouette of a droplet is comparable
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to a dot of equal diameter printed on a silicon glass. This is not a

new concept, and the approach has been proved experimentally

by comparing beads of glass and water droplets of known

sizes [43, 42]. Light passing a transparent sphere is affected

by refraction, reflection, diffraction and absorption. Of these

four components, the shadow will be defined mainly by the

diffracted light, as long as the distance between the sphere and

the lens is much greater than the sphere’s diameter [43, 81].

The sample volume is calculated for each droplet individu-

ally depending on its size. By using Laplacian of Gaussian (LoG)

[57, 27] edge detection and a suitable threshold, we can create

closed curves around objects where the edge is in or nearly in

focus. Figure 3.2 illustrates the detection sequence step by step.

Objects that create closed curves are selected to be within the

measuring range. The measuring range together with the field

of view defines the sampling volume. Edge detection operators,

such as those presented by Roberts [66], Prewitt [64], Sobel

[73] and Canny [12], have not been shown to return consistent

results in different lighting conditions. Since the LoG can be

seen as a value of the second derivative of the edge gradient, it

is also used, together with the diameter, to calculate the true

size of the droplet. This is discussed in detail in Paper I and

Paper II.

The stage micrometre scale consisted of 13 circular dots,

from 2 to 100 µm in diameter, printed in chrome on a silicon

glass. Each dot was moved linearly in steps of one micrometre in

the direction orthogonal to the lenses, thus creating a function

where the gradient of the edge was dependent on the distance

from optimum focus. A threshold on the second derivative

gradient strength limited the measured particles to a specific

measuring range. The threshold was carefully selected: if the

value were too low, there would be many false edges in the

image, while if it were too high, the measuring range would be

very short.
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Figure 3.2: A sequence of images showing the segmentation of a

circular object using LoG and detection of closed curves. Upper left

is the original image. Upper right is a binarised image after edge

detection. Lower right is the result after removing false edges and

noise.

After laboratory tests, the system was mounted in a weather-

proof shell using two camera housings and a separate box for

the analysing computer and power supply.

3.2 The Fog Chamber

To create a test environment for the instrument, a small fog

chamber was built, approximately 0.6x0.6x1.5 m in size, with

aluminium profiles and polycarbonate walls. An inlet for air

and an ultrasonic fog generator allowed for controlling the flow

of water droplets and their concentration in the chamber. See

Figure 3.3.
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Figure 3.3: Fog chamber with connected droplet generator (blue

container) and a multimeter used for fan power measurement. A

Beaglebone Black microcontroller (blue box) is used for fan speed

regulation.

The purpose was firstly to test the ingress protection and

the electronics. We also wanted to determine whether it was

possible to control the properties of a fog in such a way that

it could be used for testing and calibration of instruments in

serial production. For example, a second instrument could be

fitted in the fog chamber for verification of the LWC results.

The fog chamber worked very well as an initial functional test

of the DII. In Paper II, the tests and results regarding controlling

a fog in the fog chamber are described.

3.2.1 The SMHI-AROME Data

At SMHI, the HIRLAM (High Resolution Local Area Mod-

elling)–ALADIN (Aire Limitée Adaptation dynamique Développe-

ment InterNational) Research on Mesoscale Operational NWP

(NumericalWeatherPrediction) in Europe (HARMONIE)-Application

de la Recherche à l’Opérationnel à Méso Echelle, (Application of

Research to Operations at Mesoscale) (AROME) model is used

for short-range operational forecasting. It is operated in collabo-

ration with the Norwegian Meteorological Institute. The initial
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conditions and boundaries for the operational forecasts are

provided by the European Centre for Medium-Range Weather

Forecasts (ECMWF) global model.

HARMONIE-AROME is a mesoscale (2.5 km resolution)

NWP model. It is an adaptation and improvement of the

AROME model configuration to fit conditions in northern and

southern Europe. It can be distinguished from the AROME-

France model [8, 71].

In order to give a detailed description of the conditions

at the site, SMHI agreed to run a special model domain of

the HARMONIE-AROME locally with 500-metre horizontal

resolution for a limited time. The operational forecasts are run

at 2.5 km horizontal resolution, and they were used as initial

conditions and lateral boundaries for the detailed simulations.

The SMHI-AROME data is described and used in Paper III

and in Paper V.

3.3 The Installation in Klövsjö

In 2016, the DII and the CDP, together with instruments for

wind and temperature measurement, were installed at the SMHI

weather station on Mt. Klövsjöhöjden. Figure 3.4 shows the

completed installation. The two camera houses of the DII are

situated on the top, and the smaller CDP directly underneath.

The Lambrecht Eolos weather sensor is positioned to the far left,

mounted on a horizontal boom. The mobile communication

antenna is located in the centre, to the right of the Eolos.

On the side of the lattice mast is a weather-protected box

of about 50 cm in height, containing the DII processing com-

puter, the CDP data collection computer, and the communica-

tions router. During the measurements, an electric servomotor

mounted at the base of the pole inside the lattice mast rotated

the two instruments automatically to follow the horizontal

direction of the wind. The whole installation was about five

metres high.
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CDP

DII

Eolos

Figure 3.4: Image of the installation in Klövsjö.

The purpose of the installation in Klövsjö was to test the DII

in actual weather conditions. Although the site was accessible

by car, it was high enough to have frequent foggy conditions

and possible icing. In this study, we were able to compare the
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measurement of droplets with that provided by a commercial

reference instrument, the CDP.

The location chosen, at one of the SMHI weather stations,

meant that we had access to historical and current weather data

for reference. SMHI also agreed to run a special high-resolution

model domain of the AROME NWP, which predicts MVD and

LWC numerically. The results from these measurements are

described in Paper III.

3.4 The Installation in Åre

In 2017,preparations began to move the equipment from Klövsjö

to an area with more intensive icing. We eventually selected Mt.

Åreskutan, a location known for its severe icing conditions.

Two instruments were added in order to measure icing: an

IceMonitor from Combitech and HoloOptics T41. Both have

been proven in the field in a number of studies [11, 13, 83,

29]. One purpose was to test the instruments’ performance in

icing conditions that are likely to cause severe problems for

equipment or wind turbines. A further goal was to learn more

about the icing process, and the relationships between MVD,

LWC, icing intensity and ice load.

Mt. Åreskutan is accessible by a cable car that climbs 860

vertical metres, ending close to the summit of the mountain. The

ski lifts and service structure also make it possible to connect

electrical equipment. Skistar AB, the company that owns the lift

system, was very helpful during the project. When the weather

does not allow the cable cars to operate, as was the case in

November 2018 for example, it is possible to walk to the top

from the village of Åre. The walk takes between two and three

hours for a fit person, depending on how much equipment

needs to be carried. The unmanned cableway hill station is open

24 hours a day and has water and toilet facilities.

To integrate a number of sensitive instruments, of which one

is an experimental prototype, involves the risk that something
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may break or not function correctly. When all the equipment

was finally ready to be moved to Åre, the weather conditions

were already too difficult to carry out the installation, so we

faced a wait until the end of February. When the instruments

were finally put in place, they did not work. Troubleshooting

was carried out, but although the system did function eventually,

it was near to the end of the icing season. The decision was

taken to disassemble some of the materials and wait for the

next season instead.

In October 2018, the instruments were reassembled and an

additional supervision camera was installed. Despite some

initial new problems, the system became fully operational on 1

November 2018. Data were collected until the end of December,

when several components of the equipment broke down due to

the extreme weather. In February, the equipment was partially

repaired, resulting in another set of measured icing events. The

results of the study in Åre are described in Paper V.

3.5 Equipment Failures

In Table 3.1, some of the problems encountered with the equip-

ment during the measurement period in Åre are tabulated. In

each case, the failure, the likely cause, the consequences, and

the measures taken to correct it are described. Figure 3.5 and

Figure 3.6 show some examples of the damage sustained by the

equipment.
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Figure 3.5: Images showing the equipment in the summer 2018 and

after damage from severe icing.

Figure 3.6: Left image showing the reflected tape on the HoloOptics

T41 has almost completely eroded. Right image shows the CDP with

water inside the lens.
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Failure Likely Cause Consequences Measure
LWC measurement Snow/ice covering the op-

tical instruments.

Gradually decreasing mea-

sured LWC. The DII is

more sensitive than the

CDP.

Manual removal of ice and

instrumental heating.

Lost wind direction/speed

and temperature measure-

ment.

Connector on EolosAT

screwed up.

The mast turn to north (0

degrees), no LWC value

from the CDP is possible

since there is no wind mea-

surement.

The connector was se-

cured using elastic electri-

cal tape.

Snow/ice covering the

EolosAT.

Too much icing for the

heating to melt off.

Incorrect wind speed

and wind direction. The

measured wind speed is

lower than the actual. The

measured temperature

is higher than the actual

temperature.

Manual removal of ice and

instrumental heating.

The GSM antenna broke

and fell down. The IceMon-

itor bracket broke. The

electrical cupboard broke

from its own bracket and

fell down, breaking cables.

The TP-cable to the super-

vision camera broke. Cable

or structural failure.

Too high ice load. Any Manual removal of ice and

reparation of equipment.

The mast motor did not

move.

Connector on the mast mo-

tor filled with water and

ice.

Faulty LWC measurement. Reparation of connector.

CDP measures wrong Water inside the CDP. Wrong value or no value

from the CDP.

No measure.

The connector to the IP

camera broke.

The connector not de-

signed for cold tempera-

ture.

No connection with cam-

era.

Reparation

No values from HoloOp-

tics T41.

Erosion of reflective tape

on the instrument.

No measurement of icing

rate.

Reparation.

No values from the DII. Sunlight entering the DII

camera.

Over exposure of images

and no LWC values from

the DII.

Decreasing camera expo-

sure time.

Table 3.1: Failures of equipment.

3.6 Measuring Icing Intensity

The intensity of atmospheric icing caused by supercooled water

droplets on a structure can be expressed as a function that is a

product of the liquid water content, the icing efficiency and the

wind speed, where the icing efficiency is mainly determined by

the shape and size of the structure, the droplet diameter and

the temperature of the accretion surface [53]. If the structure

change temperature or size due to accumulated ice, the function

becomes time-dependent [54].
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HoloOptics T41 is an instrument designed to measure the

rate of atmospheric icing. It works by measuring the reflectance

of infrared (880-920nm) light off a 30-mm metal cylinder, cov-

ered with reflective tape. When ice is present on the cylinder,

the reflectance goes below a threshold that is detected and com-

municated as a binary output signal. When the output turns

high, the sensor also starts its internal heating, melting the ice

on the cylinder. When the ice is removed, and the reflectance

goes above the threshold, the heating is switched off, and a new

measurement cycle starts.

As long as all ice is continuously removed, the shape of the

instrument will not change during an icing event. The heating

will keep the instrument ice-free until it cools down.

This means that the value will not only indicate when there

is ice but also indicate the rate of icing. If the integrated signal

is constantly peaking, the instrument could either be malfunc-

tioning or it could mean the icing is so strong that the sensor is

unable to remove the ice from the cylinder.

3.7 Measuring Ice Load

The standard ISO12494 [62] defines ice load as the weight in

kg per metre of accumulated ice on different profile dimen-

sions. This is a commonly used definition in estimations of

meteorological icing.

The IceMonitor from Combitech AB measures the weight of

accumulated ice on a 50-cm vertical stick, 30-mm in diameter,

designed to adhere to ISO12494. The measured weight is scaled

to get a value of the ice load. While the IceMonitor can mostly

swivel freely, it does not actively rotate. However, when ice

accumulates on one side of the stick, the wind may force it to

rotate, causing a more evenly distributed ice load.

An advantage with the IceMonitor is its proven reliability

of function and sturdy construction.
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3.8 Estimation of Icing Intensity by KNN

Pattern recognition and machine learning are powerful tools

used to create algorithms that recognise conditions in complex

sets of data. We wanted to estimate the icing rate by using one

set of data for training and another set for testing the model;

thus, we chose the k-nearest neighbour (KNN) regression for

this purpose.

In the estimation of icing intensity, we used three principal

components to make the model and five neighbours. Figure 3.7

shows a Principal Component Analysis (PCA) from Event II.

The training data was used to find the five nearest neighbours

for every point in the test data. The variables used were wind

speed, LWC and MVD, and the output was the icing intensity

measured by the HoloOptics sensor. Every point in the diagram

is a sample of the training data. For illustration, the points have

been divided into five bins representing output value ranges.

The output when using the test data is the average value of the

five closest neighbours of the training data.
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Figure 3.7: PCA Plot Example from Event II, Paper V. The left dashed

ellipse enclose values with high icing intensity (75-100). The middle
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zero.
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Chapter 4

DISCUSSION AND
COMMENTS ON THE

RESULTS
This chapter includes an extends the discussion of the result of

the attached papers.

4.1 System Design of the DII

Paper I and Paper II describe how MVD and LWC can be deter-

mined accurately from the information in the image produced

by the system. Calibration of the system could be performed

by assuming that the edge of a shadow of a droplet has the

same signature as a circular disc of a calibrated size. The central

bright spot caused by light passing through the middle of the

droplet is compensated for by masking the centre. The size

is then calculated from the darkness of the shadow, which is

converted to a diameter through a calibration function. In Paper

I, the CV for the diameter was estimated to be just 0.2 per cent

for a 10 µm. On comparing the size measurement with standard

polymer microspheres seen in Paper III, the measured size was

found to be within the tolerances of the tested distributions.

The concentration of droplets is estimated from the expected

volume required to find a droplet that is found. If no droplet

is found in ten images, the LWC value is zeroed. Verification

of the concentration measurement is difficult, especially in the

field where a reference instrument is required. Paper III uses

the CDP as a reference point, but this instrument also has

uncertainties. It may be possible to conduct a verification by

measuring the reduced mass of a number of droplets being

produced and measured by the system; however, this would
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require a significant number of droplets to be measurable, and

a test system to produce all the droplets without missing any

measurements.

The design of the weather proofing of the DII is described in

Paper II. Since our budget did not allow us to make a completely

new physical design, the instrument built using standard cam-

era housings. A more aerodynamic shape would have been

preferred. As noted in Paper III, the wind speed did not have

any noticeable effect on measurements in the low range. At

higher velocities, such as in airborne measurements, aerody-

namic shape is very important as the dynamic pressure alters

the air stream and may cause droplets to scatter and change

shape or direction. For an imaging instrument such as the DII,

which uses a flash as background illumination, higher speeds

may cause increased blurring of the image unless the flash

length is shortened. Shorter flash length requires a higher light

effect.

In the second field study, the design of the DII proved to be

sensitive to icing. During the icing events in temperatures below

zero degrees, the DII produced very limited data. The most

likely reason for this is ice or snow getting stuck in front of the

small gap between the two camera housings, thereby blocking

the channel where droplets were supposed to be measured. The

heating on the front glass, the camera housing internal heater

and an extra heating cable attached between the camera houses

were not sufficient to keep the DII ice-free.

The CDP continued to work during the first icing events,

while the DII measured few or no particles. In Events V and

VII, as well as parts of VI and VIII, the temperatures were high

enough to keep the DII ice-free. However, eventually, the CDP

also stopped working due to icing. More efficient heating and

better physical designs are necessary to keep instruments free

from ice.
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4.2. Systematic Difference in Measured LWC

4.2 Systematic Difference in Measured LWC

The measured LWC values of the DII and the CDP differed by

a factor of approximately 3.65 (CDP LWC / DII LWC) in the

field study published in Paper III. A similar difference was seen

during the second field study in Ã. . . re. Some possible expla-

nations for this difference are discussed in the corresponding

papers, and Paper IV presents a more detailed investigation of

the sampling volume.

It is most likely that there are several factors involved. The

droplet diameter measured by the CDP is slightly higher than

that returned by the DII. Since LWC is proportional to the third

power of the droplet size, an increase in the diameter has a

great impact on the calculated LWC. With the current imaging

frequency of the DII, there is a significant difference in sampling

volume between the two instruments.

The CDP was chosen as a reference instrument because it

uses a mature technology, it has been applied in numerous

scientific studies, and it is one of relatively few commercially

available instruments for atmospheric droplet studies. Despite

the technology being well known, detailed knowledge and

careful calibration are required in order to achieve a reliable

measurement. A study by Lance et al. [49] also notes a high level

of bias in the measured LWC and suggests that this discrepancy

is caused by coincidence errors; i.e., instances when two or more

droplets pass through the CDP laser beam within a very short

time. The reference measurement in their study was carried out

using a hot wire sensor [44], which have its own limitations. It

should also be noted that most studies using the CDP have been

conducted from aircraft, where the particle velocity is higher

but relatively constant.

The CDP and its predecessors have shown a tendency to-

wards oversizing droplets when calibrated by glass or polymer

spheres [80, 49], which could also explain some of the difference

we identified. The precision of the CDP size measurement is
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also limited by the fixed-size bins, and by the pulse amplitude

of the scattered light calculated from Mie theory [58, 10]. A

small disturbance, such as a slight misalignment of the laser

beam, may cause a shift in the optical response, pushing the

size to the next or previous size bin, leading to an average error

of up to 10 percent. [49]. The sampling area, i.e., the illuminated

area that the particles must pass through to be recorded, is an

average value given by the manufacturer on delivery.

With the less aerodynamic shape of the DII, it should be

affected by higher wind speeds. However, the sampling volume

is in principle not dependent on the wind speed, but on the

number of images and the measurement range for each droplet.

An attempt was made to compare the measured in-situ

values of LWC with data from an NWP model. The results in

Paper III show the difficulty in predicting LWC in a complex

topography. However, the prediction seemed to improve when

using a higher model resolution. The estimation of icing by

SMHI in Paper V depends on the expected LWC values, cal-

culated by use of the Makkonen formulae and a 500 m NWP

model resolution.

We used only one sensor for measuring the wind speed and

wind direction. The measured wind speed can be compared

with the estimated wind speed by SMHI from the 500-meter

AROME model (which is based on observations) in order to

verify the approximate values. It is possible using the provided

data files. The SMHI values are mean values from the last 10

minutes every hour, and the corresponding value from the

Eolos sensor can be constructed. Event I, II, III up to IX in Paper

V are compared and show mostly good agreement.

We have also compared the measured wind speed with a

second conventional instrument during the measurement at

the SMHI weather station in Klövsjö 2016-2017 and found good

correlation. There was a systematic difference which we believe

was because the two instruments were mounted at different
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heights.

The Eolos sensor is heated to avoid ice jamming the sensor.

In Åre however, the icing was sometimes so intensive that there

is reason to believe that the wind measurement was affected.

4.3 Icing Measurements

In any study of icing it is important to define what specifically

is meant by icing, as well as the purpose and application of

the study. In this case, we focus particularly on icing on wind

turbines, due to its effect on the turbine blades’ aerodynamics

and performance, although icing on aeroplanes, power lines, or

infrastructure may be equally devastating. Water in liquid form

also has an effect on aerodynamics, but since liquid water runs

off, its impact is not as significant as that of water that freezes

and accumulates. The weight of the latter can force a complete

stop of a wind turbine.

The definition of icing in ISO 12494 [62] makes it possible

to identify an in-cloud icing event by measuring the cloud

base and the temperature at a specific position. The report

"Atmospheric Icing on Structures" from COST 727 mentions

a similar initial definition, referring to periods of time where

the temperature is below 0°C and the relative humidity is

above 95 per cent. However, these conditions can be met even

without ice necessarily accumulating on an object. IEA Wind

[11] have defined "Atmospheric Icing" as "the period of time

where atmospheric conditions are present for the accretion of

ice or snow on structures that are exposed to the atmosphere".

IEA Wind distinguishes between meteorological, instrumen-

tal and blade icing. It defines the icing event as the period from

when the meteorological conditions allow icing until the point

when the ice is no longer attached to the object or turbine blade.

Instrumental icing is defined as the period when non-heated

instruments are affected by ice, often measured by pairs of cup

anemometers where the control instrument is heated and the
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other is not. This comes closer to addressing the actual issue,

as icing is only a problem when the ice is on an object, like the

blades of a wind turbine. The problem with this definition is

that the length of the icing event also depends on the shape

and temperature of the object, as well as other environmental

parameters.

4.3.1 Combitech IceMonitor

The Combitech IceMonitor [23, 77] used in the study on Åresku-

tan in Paper V was designed to come as close as possible to the

theoretical model of ice load mentioned in ISO 12494. It has an

unheated cylinder, 0.5 meter high and 30 mm in diameter, and

measures the accumulated load on this cylinder using a load

cell mounted in the bottom of the cylinder. The cylinder does

not rotate actively, but has a small "fin" at the top that makes

the cylinder swivel with the wind as long as the wind speed is

high enough and there is no ice on the device.

Near the summit of Åreskutan, more than 10 kg of ice

accumulated on the IceMonitor on several occasions. In January,

the turnbuckle supporting the instrument broke away from the

bracket holding it, causing the instrument to fall down. The top

of Åreskutan is frequently exposed to icing conditions during

the winter. In Paper V, we define an icing event as the period

from when the IceMonitor started to accumulate ice until the

moment when the instrument became ice-free again.

An advantage with the IceMonitor is that it allows for a

simple reasonableness test of the model data. In Event II, shown

in Paper V and in Figure 4.2,we see the icing rate and the ice load

estimated by the Makkonen model alongside the measured

ice load. The measured LWC starts at 1 and increases to 3

g m
−3

during the event. Between 05:00 and 07:00, the measured

LWC varies around 1.3 g m
−3

, the MVD is around 15 µm, and

the estimated icing rate increase from 0 to 2 g m
−1

min
−1

. The

average wind speed is 8 m s
−1

, with gusts up to 12 m s
−1

.
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Figure 4.1: IceMonitor without and with ice.

This seems reasonable when considering the average mea-

sured ice load. A smoothed average of the ice load increases

from 0.1 kg m
−1

at 05:00 to 0.4 at 07:00. Over two hours the

average ice load has increased by 0.3 kg m
−1

, which is the same

as 2.5 g m
−1

min
−1

, higher but still comparable to the estimated

icing rate by LWC and MVD.

From 07:00 to 07:20 in the same event, the estimated icing

rate increases from 2 to 4 g m
−1

min
−1

, while the MVD increases

to 20 µm. Then, there is a drop in the measured LWC until 07:40,

when the MVD increases to more than 20. The estimated icing

rate peaks between 08:10 and 08:30 with a level of 7 g m
−1

min
−1

.

The ice load measured by the IceMonitor increases from 0.5

to 1.2 kg m
−1

between 07:55 and 08:15; i.e., 35 g m
−1

min
−1

on

average. The measured icing rate during these 20 minutes is
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thus around five times higher than the estimated icing rate.

We should consider why there is such a significant difference.

The stored ice loadvalue is an average of the last 10 seconds every

minute. Therefore we may exclude noise or wind movements

as explanation.

Our estimation of icing rate does not include a varying

cylinder diameter. The diameter of the IceMonitor’s cylinder

should have increased, but this alone is not sufficient to explain

the difference. If we assume that the ice is evenly distributed on

the cylinder, the density of the ice is 0.9 g cm
−3

, and the weight

is 0.5 kg m
−1

, then the increase in diameter would be 33 per

cent. Even if the weight is 1 kg m
−1

, the increase would only be

60 per cent.

The measured LWC peaks at 3 g m
−3

, while the wind speed

is around 8 m s
−1

during this strong icing. A simple calculation

gives the amount of water passing an area corresponding to

a 30 mm diameter cylinder per minute: 0.03 · 3 · 8 · 60 = 43

g m
−1

min
−1

.

Compared with the measured increase in ice load, this would

mean that practically all droplets that are on a collision course

with the cylinder do collide with it, and sticks long enough to

change the measurement value, which should not be possible.

According to fluid dynamics (e.g. Langmuir-Blodgett [50]), some

droplets should change direction and pass without colliding.

Therefore, there is reason to believe that the measured load in

this case is amplified by, for example, supercooled large droplets

that are not measured by the CDP or the DII, and that the total

LWC is even higher when including the larger droplets.

Any droplets that pass the CDP but are outside the detection

range; i.e., larger than 50 µm, are not included in the LWC and

MVD calculations. Unfortunately, the DII did not work during

this event due to the ice blocking, so it produced no data that we

could use for comparison. However, the CDP has one possible

method of detecting larger particles: the overflow bin. This
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Figure 4.3: Number of overflow detections per minute during Event

II from the measurements on Mt. Åreskutan.

bin collects detections that are outside the qualifying range;

e.g., coinciding particles, ice particles or large droplets. During

Event II there is an increase in this bin count between 07:45 and

09:00, but the most dramatic increase in unqualified detections

starts at about 08:15 (see Figure 4.3). We do not know the size or

true nature of the particles causing these detections, but if the

majority of them were large supercooled droplets, they could

explain some of the difference.

After 08:20 there are two bumps down in the measured

ice load. The bumps are simultaneous with drops in the mea-

sured LWC. Between the bumps, the LWC reaches a top value

of 3 g m
−3

. At the same time, the number of overflow detec-

tions increases and the temperature drops slightly. This should

represent ideal conditions for ice accumulation, which is also

confirmed by the simulation of the ice load using K-Nearest

Neighbour (KNN) regression. However, in this instance, the

measured ice load does not increase in average, but actually

decreases.

It is possible that the measured ice load is not correct at all

times. There is a risk of ice getting stuck on the bottom of the

cylinder so that it does not move freely on the load cell, which
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4.3.2. HoloOptics T41

would result in unpredictable values. The load cell is heated but

the cylinder is not, and as we have seen on the other instruments,

the heating mechanisms are not always sufficient to melt ice

when the icing is strong. Another possible explanation could

be that ice erodes from the cylinder, or melts and runs off.

The values returned by the IceMonitor are calculated based

on the average of the last ten seconds every minute. As we have

seen during this study, conditions can change rapidly, so an

even higher temporal resolution, perhaps of one sample per

second, would be desirable.

A second study, using double instrumentation for validation

of both the ice load, LWC and MVD could answer some of the

raised questions.

4.3.2 HoloOptics T41

The second instrumentused for icing measurementwas HoloOp-

tics T41. Like the IceMonitor, it has a metal cylinder, 30 mm

in diameter. However, the measurement principle is radically

different. On one part of the cylinder, there is a length of reflec-

tive tape, c. 25 mm wide. The device also includes an infrared

LED, and a photo detector that measures the reflected light

from the tape. When ice sticks to the surface of the tape, the

reflected light sinks. When the reflected light goes below a

certain threshold, the digital output increases (which means

that ice is detected) and a heater starts to melt the ice from the

cylinder. When the ice is gone, a new measurement cycle starts.

The digital output from the HoloOptics sensor can be used

to make an estimation of current icing intensity. The longer the

period during which the output is marked as high, the stronger

the icing intensity is. We designed an algorithm that measures

the icing intensity using a scale from 0 to 100, corresponding to

“no ice indication” to “ice indication all the time”. When the

indication is on all the time, this could mean that the icing is so

strong that the heater cannot melt the ice; however, it could also
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indicate that the instrument has failed or that there is something

else obstructing the reflective tape. During the study in Åre,

the tape eventually eroded due to the harsh environmental

conditions. An attempt was made in February to attach a new

reflector on the cylinder, but this resulted in the instrument

behaving differently,andeventually this attemptedfix also broke.

Therefore, the data from the HoloOptics sensor in February 2019

are not comparable with the earlier measurements in November

and December 2018. We do not know whether the reflective

tape eroded gradually or immediately.

The measured icing intensity usually coincides with an

increase in the ice load, although in most events there is little

correlation between the icing level and the ice load. At least

on a minute-level. The correlation is slightly better with the

icing rate based on the LWC and MVD measurement data. For

Event II, as described in Paper V, a correlation coefficient of 0.77

between the measured icing intensity and the calculated icing

rate from measured LWC and MVD is found. The correlation

is not equally strong in other events, and in some events no

correlation has been identified.

4.4 Simulation of Ice Load using Artificial Intelligence

AI refers to the results obtained from the application of a

computer-generated algorithm created by automatic or super-

vised learning. For example, computer vision can be used to

recognise an object in an image based on experience of other

similar objects. We used a computer with Matlab to train a

KNN regression model of the icing based on the data from

the HoloOptics sensor. Another set of data was then used to

estimate the icing rate. The estimated rate and a heuristic model

of erosion/ablation were used to simulate the current ice load

recursively.

Different input data and different numbers of variables were

tested until a result was produced that was comparable to
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the measured ice load using the IceMonitor. As expected, the

result from using the KNN model improved as more data were

provided for learning, with the test data becoming closer to the

training data over time. However, with learning data from the

later events (V onwards), the error became larger. Two reasons

for this have been discussed. One is that the learning data may

be of poorer quality, as we know that accumulated ice on the

instruments caused several errors. This is of course also a cause

for error the other way, i.e. when later data is used for testing.

The other potential reason is due to higher similarity between

weather conditions when events are closer together in time.

No detailed comparison has been carried out, and there are of

course other parameters that could have an impact but have not

been included in the analysis; e.g., the presence and nature of

large precipitation particles.

The results from the simulations of the ice load in the first

events in November show that it is possible to use AI to train

a computer to estimate the level of icing with results that are

comparable to measured icing intensity and ice load using a

limited set of data.

More data would have been very useful. As can be seen in

Table III, Paper V, the more data we use the better estimation

we can get. Unfortunately the environment was very tough on

the instruments, so the data from later events seems to be less

consistent and less reliable. Using this data for training did not

seem to improve the model.

The data used for training and testing of the KNN model, as

well as all the data from all other icing events is freely available

for download at IEEE DataPort [68].

4.5 Image Quality and Background Light Intensity

A correlation between the SNR and the corresponding mea-

suring range is observed and discussed in Paper I: a higher

SNR results in an increased measuring range. Although the
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SNR is measured for every droplet, no compensation has been

implemented for this. As illustrated in Paper I, a higher SNR

can also be achieved by increasing the light intensity. In Paper

IV, a more detailed investigation of this process is carried out.

The sampling volume can be increased by increasing the light

intensity, as long as the background is not over-saturated in any

part of the image. It was noticed that the measurement range

depends most strongly on the intensity level of the background

illumination, which can be measured throughout the image. A

rather large difference depending on the position was found,

although the total error on the resulting LWC calculation was

found to be only four per cent on average. Our conclusion is

that the accuracy of the measurement range and the concentra-

tion of droplets should be increased by including the level of

background illumination in the calculation of LWC in the DII.

LEDs can usually be used with currents above the given

specifications if the pulse length is short and the duty cycle is

low enough to permit the heat to be transported away between

the pulses. Depending on the capacitance of the diode, the rise

time may limit the current, although effective techniques exist

to shorten the LED pulses [75, 78].

The LED used in the DII was still functional after two years

of measurements using a current 12 times higher than the

maximum continuous current specified by the manufacturer.

At 12 amperes, the flash duration could be lowered to 200–250 ns,

using the normal settings of light amplification in the camera.

4.6 Precision and Accuracy

Although the DII and the CDP use different techniques, both

are instruments that measure single droplets. Both MVD and

LWC can be calculated from the ensemble of measured droplets

in a certain space.

The sizes of droplets often approximately follow a lognormal

curve. In Paper III, there is a measurement and comparison of
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four calibrated distributions of polymer microspheres, approxi-

mately 5, 10, 20 and 50 µm in diameter. The size distribution of

the spheres are calibrated by NIST according to Table 4.1. The

measured sizes are within the expected ranges of the calibrated

tolerances, which shows that there is good reason to believe

that the size measurement is correct within this size range. The

histograms of these measurements are shown in Figure 4.4.

(a) Distribution I. (b) Distribution II.

(c) Distribution III. (d) Distribution IV.

Figure 4.4: Histograms of the four measured distributions. The dashed

line is a fitted lognormal of the weighted distribution. These were

previously published in the licentiate thesis.

The variation of MVD and LWC values will not only depend

on the precision of the size measurement,but also on the number

of particles measured that contribute to the calculated value.

Figure 4.5 shows a histogram of the different sizes measured by

the CDP between 05:00 and 07:00 in Event II (Paper V).

The distribution shown in Figure 4.5 is created from total

of 8,031,887 measured droplets, or 66,932 droplets per minute

on average. If this set were evenly distributed but randomised

there would be no difference in MVD during the measurement,
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Distribution I II III IV
Stated mean diam. 5.3

(± 0.3)

10.3

(± 0.4)

19.1

(± 0.7)

49.4

(± 1.6)

Measured mean diam. 5.6 9.9 18.6 48.0

Stated std. dev. 0.5 0.9 1.7 3.5

Measured std. dev. 0.77 0.67 1.7 3.1

Table 4.1: Summary of the result from the measurement of NIST

certified microspheres. All values are in µm .
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Figure 4.5: Histogram showing the detections in size bins of the CDP

between 05:00 and 07:00 on 20181102, Event II in Paper V.

because the bin resolution of the CDP is too low. For the total

volume of the measured droplets, the coefficient of variation

would be 0.3 per cent. Therefore, we could conclude that the

precision of MVD measurements by the CDP depends mostly

on the bin resolution, and the precision of LWC depends both

on the bin resolution and on the variation in the definition of the

measurement volume; i.e., the area covered by the measuring

laser and the measured wind speed. The bin size is fixed to

one micrometre in diameters from 2 to 14 micrometres, and to

two from 14 to 50 micrometres. The sizing accuracy depends

partly on the quality of the calibration using a set of transparent
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spheres of known (calibrated) sizes, and partly on the physical

limitation of measuring scattered light described by Lance et al.

([49] using Mie calculations.

For the DII, the precision in sizing depends first on the image

resolution. In Paper I, the precision of the size measurement for

the DII was estimated by using 10 and 25 µm calibration targets.

But since the sample volume in the DII is much smaller than

the CDP, the number of droplets measured in each sample will

have a greater impact. To estimate this we can use the set of

particles in Figure 4.5, randomise them and change the number

of samples to get a coefficient of variation of the total volume

that depends on the number of droplets in each sample. The

result can be seen in Figure 4.6.
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Figure 4.6: The coefficient of variation for the total volume of water

measured on a sample with varying number of measured droplets.

One sample could e.g. be all the measured droplets during minute.

The number of measured droplets vary from 60 to 6000.

Figure 4.6 illustrates the inverse exponential relationship

between the number of measured droplets and the coefficient

of variation. In those cases where the number of measured

droplets on average are only a handful, the variation of mea-

sured MVD and LWC will be high, even if the distribution

would be completely homogeneous but random. This is the
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case in e.g. Event VII shown in Paper V.

In Paper III, a comparison is made by measuring polymer

microspheres in distributions calibrated by NIST. The difference

between the measured mean diameter and the stated mean

diameter is within the stated tolerances of the NIST samples.

This proves that the size measurement is accurate. It was not

possible to estimate the concentration ofmeasuredmicrospheres

with the method we used.

Despite this difference in sample quantity, the mean differ-

ence between the measured MVD between the two instruments

was only nine percent in this measurement.

4.7 Qualitative Evaluation of Data in Icing Conditions

Through the supervision camera installed in November 2018, it

was possible to follow the process of icing visually and make

a qualitative analysis of the data that were collected by the

other instruments. The camera was set to save a high-resolution

image of the installation every ten minutes. Figure 4.7 shows

an example sequence of images from 2018-11-02 to -03, during

Event IV (Paper V). The images made it possible to evaluate

whether there was ice or no ice, fog or no fog, and so on.

Unfortunately, the camera did not work correctly during all

icing events. On some occasions snow got stuck and covered

the lens, despite the device being heated. There were also some

cable connection problems with the camera caused by the low

temperature, which were not completely resolved until February

2019.

During the field study in Åre, we only made a rough esti-

mation of the accumulated ice volume. To do this calculation

accurately and also measure the shape of the ice, we would need

a camera that is closer to the icing object and unfortunately we

had to take what was available this time. As the shape definitely

affects the ice accumulation when the diameter of the icing

cylinder change, and likely also affects the erosion/ablation
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4.8. Social and Ethical Aspects

Figure 4.7: Sequence of images showing the icing on 20181102. From

upper left the first image is at 15:45, the next images at 16:45, 17:45,

18:45 and 19:45. The last image (bottom right) is from 09:05 the

morning after.

speed it is important to add this aspect when making a model

of the ice load.

The uncertainty regarding ice density and ice firmness makes

it difficult to base a model on the data from the IceMonitor

instrument. The HoloOptics sensor, and other instruments that

use heat to melt the ice between the measurements have not

the same possibility to detect differences in the ice quality. On

the other hand it may give a more reliable calculation of the

icing intensity since the shape parameter can be regarded as

constant.

4.8 Social and Ethical Aspects

The work described in the attached papers and this thesis has

followed a positivistic approach. The aim was to learn how to
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measure droplets in order to understand the nature of atmo-

spheric icing, and to prepare the ground for new instruments

based on the developed technique. The goal is to decrease the

problems caused by icing on wind turbines in cold climates.

The knowledge can naturally also be used for other applica-

tions and fields. The optical properties of atmospheric water

have been, and may continue to be, of interest in terms of differ-

ent military applications. A new instrument could also be used

to verify military equipment, or to measure liquids or particles

other than water.

If the results of this work were to lead to less icing of wind

turbines, this could lead to more cost-efficient production of

electrical energy from wind. Fewer wind turbines could produce

more electricity while consuming less resources. The noise from

wind turbines could also be reduced, which would mean a lower

impact on people living close to wind parks. More efficient

wind turbines could also lead to higher levels of investment in

wind power.

There is no product on the market that we know about

today that would compete directly with an instrument based

on this technology. The existing instruments have different

requirements and, to at least some extent, different applications.

It cannot be ruled out that a new instrument could win a share

of the existing market.
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Chapter 5

SUMMARY OF THE
THESIS

5.1 Conclusions

These are the conclusions related to the research questions

RQ1-RQ9, listed in chapter 1:

5.1.1 RQ1

How can LWC and MVD be measured with a single-camera-

based system?

• Shadowgraph imaging can be used for comparison and

validation of NWP models.

• The technique can also be used for size reference measure-

ment of instruments based on other techniques.

5.1.2 RQ2

Can the system be integrated to meet relevant environmental

and real-time requirements? How should this instrument be

made physically and which components should be used?

• The DII was proven to withstand and function in a humid

environment.

• The real-time performance of the instrument is limited

by the image retrieval and processing speed. There is a

negative relation between the real-time performance and

the precision.

• The used LED was capable of emitting light using at least

12 times higher currents than the specified maximum.
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• A calibration of the measurement range depending the

background lighting condition or the SNR is needed to

increase the precision in LWC.

5.1.3 RQ3

How can the instrument be tested and its function verified in a

laboratory environment?

• The LWC in a fog chamber can be controlled by regulating

the fan speed and the power of an ultrasonic humidifier.

5.1.4 RQ4

How can the measured LWC and MVD be compared and

verified in the field? What differences will arise based on using

different methods and/or instruments?

• The MVD can be compared using a second instrument.

However, the accuracy of the comparison is dependent

on the precision and accuracy of the reference instrument.

Comparing with NWP model data is possible but only as

a very rough estimation.

• The accuracy of the LWC measurement is questioned due

to the systematic difference to the reference instrument.

The LWC measured by the CDP also relies on an accurate

measure of the wind speed.

5.1.5 RQ5

Can the developed instrument be used for estimation of icing?

• The DII can be used to measure LWC and MVD during

icing, when the icing is moderate enough for the heating

to keep the instrument free from obstructing ice.
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5.1.6. RQ6

• The predicted LWC and MVD data from HARMONIE-

AROME have better agreement with the measured values

when using a 500 m horizontal resolution than the usual

2.5 km resolution.

• An instrument based on shadowgraph imaging could

could become a standard instrument for verification of

predicted LWC and MVD due to the shown potential in

accuracy.

• For estimation of icing, the temperature is also an impor-

tant parameter. When instruments need heating, this may

affect the measurement of the temperature which may

lead to less estimation accuracy.

5.1.6 RQ6

How will the instruments perform in severe icing conditions?

• All instruments were more or less affected by the icing,

in the end making the measurements less reliable or erro-

neous. The icing process is so fast that the internal heating

is not efficient enough to prevent ice from hindering mea-

surements. The heating may also affect the measurement

of temperature.

• Humidity entering the instrument casing, loose cables and

any moving parts are the most sensitive factors.

• All of the instruments, as well as many other components

used during the described field measurements, did at

some point break due to the difficult weather conditions.

An instrument for measurement of icing conditions needs

to be designed with high environmental protection and

endurance.
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5.1.7 RQ7

Is is possible to train a model using multivariate data analysis

to make an estimation of the ice load comparable to the results

provided by conventional models?

• It was shown that it is possible to train a KNN model

to estimate the level of icing comparable to a measured

icing intensity. The estimation error becomes smaller when

more data is used for training.

• The ice load was simulated by using the KNN model for es-

timated icing, heuristic estimation of ice erosion/ablation

and compare it with the Makkonen ice load model. The

result shows the the two models are comparable.

5.1.8 RQ8

How will the result change when measuring a particle in dif-

ferent spatial positions of an image and in different lighting

conditions?

• It was found that the measurement range in the DII varies

significantly depending on the position in the image.

The main cause is difference in light intensity. There is

a correlation between light intensity and measurement

range.

5.1.9 RQ9

What levels of precision and accuracy does the imaging instru-

ment provide for LWC and MVD measurements?

• Since the MVD and LWC are calculated using sets of

droplets and we do not know the actual properties of the

measured sets, it is difficult to find the true precision and

accuracy. We can make estimations based on the number
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of measured droplets in each sample as in chapter 4.6, or

assume that we have a very large sample as in Paper I.

• The sizing accuracy of the DII was estimated using spheres

with calibrated size distributions of polymer microspheres

in Paper III. Tested sets of diameters between 5 and 50

µm confirmed that the DII, calibrated by a micrometer

dot scale measures the size of the tested samples correctly.

The size distributions achieved by this instrument are

within the tolerances specified by the manufacturer of the

microspheres.

• The theoretically achievable CV in diameter of 10 µm

droplets using the suggested measurement method is

0.22 %.

• For a value of the LWC the CV is less than 1.6 % for

droplets 25 µm in diameter, and less than 2.4 % for droplets

10 µm in diameter, based on uncertainty only in the size

measurement.

• Uncertainty of the sampling volume can be lowered by

accurately measuring the background light intensity in

the position of the measured droplet.

• In Paper IV it was shown that the mean deviation in the

measuring range of the 5.4 %, which gives an indication

of the highest achievable accuracy. The precision of the

instrument depends mainly on the number of images that

is used to achieve each measurement value.
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5.2 Authors’ Contributions

Contributions from the authors and others are summarised in

the table below.

Contributor Paper
I

Paper
II

Paper
III

Paper
IV

Paper
V

Stefani

Rydblom

MA Survey of existing instruments and techniques for

droplet measurement. Problem formulation. Esti-

mation of the optical limitations for measurement.

Choice of technique for imaging. Choice of image pro-

cessing method and implementation in Matlab. Lab-

oratory setup and method of calibration. Statistical

analysis of precision.

MA Design and integration of the instrument and the

fog chamber. Implementation of the real time mea-

surement and analysis program in Linux/C++ with

OpenCV. Measurement of polymer microspheres as

reference objects. Measurement of a fog using the in-

strument inside the developed fog chamber and flow

control.

MA Integration of the DII for real world measurements.

Choice of reference instrument. Optimization of the

measurement and analysis application. Commission-

ing of the DII on site and supervision of the data

collection.

MA Development of computer programs for automatic

measurement using calibration patterns.

MA Planning, organisation and installation of measure-

ment equipment in Åre.

Benny

Thörnberg

CA Supervision of the work, discussions and advice about

methods, optics and statistics. Discussion regarding

the Fourier analysis of a theoretical model of a droplet.

CA Supervision of work. Integration of the power module

for the LED flash.

CA Supervision. Choice of mechanics and motor for the

rotation. Commissioning on site.

CA Supervision.

CA Supervision.

Esbjörn Olsson

SMHI

PM System requirements discussion and analysis.

CA Choice of measurement site. Theory of NWP mod-

els and implementation of the high resolution model.

Weather simulations.

PM Weather simulations and theoretical discussions.

Patrik Jonsson

Combitech

PM Project leader at Combitech and commissioning on

the measurement site.

Björn Ollars

Combitech

PM Mechanical integration of the complete rotational sys-

tem on the mast and commissioning on site.

Olof Carlsson

Combitech

PM Setup and commissioning of the CDP data logging

unit.

PM Electrical integration of IceMonitor and HoloOptics

T41.

Table 5.1: Authors’ contributions per article. MA = Main Author, CA

= Co-Author, PM = Project Member.

page | 58



BIBLIOGRAPHY
[1] Constantin Andronache. Mixed-Phase Clouds: Observations and

Modeling. Elsevier, 2017. isbn: 012810550X.

[2] Albert Ansmann, Maren Riebesell, and Claus Weitkamp. ”Mea-

surement of atmospheric aerosol extinction profiles with a

Raman lidar”. In: Optics letters 15.13 (1990), pp. 746–748. issn:

1539-4794.

[3] S Barber et al. ”The impact of ice formation on wind turbine

performance and aerodynamics”. In: Journal of Solar Energy
Engineering 133.1 (2011), p. 011007. issn: 0199-6231.

[4] D. Baumgardner. ”An Analysis and Comparison of 5 Water

Droplet Measuring-Instruments”. In: Journal of Climate and
Applied Meteorology 22.5 (1983), pp. 891–910. issn: 0733-3021. doi:

Doi10.1175/1520-0450(1983)022<0891:Aaacof>2.0.Co;2.

url: <GotoISI>://WOS:A1983RA99800015.

[5] D. Baumgardner et al. ”Airborne instruments to measure at-

mospheric aerosol particles, clouds and radiation: A cook’s

tour of mature and emerging technology”. In: Atmospheric Re-
search 102.1-2 (2011), pp. 10–29. issn: 01698095. doi: 10.1016/j.

atmosres.2011.06.021.

[6] D. Baumgardner et al. ”Cloud Ice Properties - In Situ Measure-

ment Challenges”. In: (2017). issn: 0065-9401. doi: 10.1175/

amsmonographs-d-16-0011.1. url: https://dx.doi.org/10.

1175/amsmonographs-d-16-0011.1.

[7] D Baumgardner et al. ”The cloud, aerosol and precipitation

spectrometer: a new instrument for cloud investigations”. In:

Atmospheric research 59 (2001), pp. 251–264. issn: 0169-8095.

[8] Lisa Bengtsson et al. ”The HARMONIE‚ÄìAROME Model

Configuration in the ALADIN‚ÄìHIRLAM NWP System”. In:

Monthly Weather Review 145.5 (2017), pp. 1919–1935. issn: 0027-

0644.

page | 59

https://doi.org/Doi 10.1175/1520-0450(1983)022<0891:Aaacof>2.0.Co;2
<Go to ISI>://WOS:A1983RA99800015
https://doi.org/10.1016/j.atmosres.2011.06.021
https://doi.org/10.1016/j.atmosres.2011.06.021
https://doi.org/10.1175/amsmonographs-d-16-0011.1
https://doi.org/10.1175/amsmonographs-d-16-0011.1
https://dx.doi.org/10.1175/amsmonographs-d-16-0011.1
https://dx.doi.org/10.1175/amsmonographs-d-16-0011.1


Bibliography

[9] Hans Bergström et al. Wind power in cold climates: Ice mapping
methods. Elforsk AB, 2013.

[10] Craig F Bohren and Donald R Huffman. Absorption and scat-
tering of light by small particles. John Wiley & Sons, 2008. isbn:

3527618163.

[11] Rolv Erlend Bredesen et al. IEA Wind Recommended Practices 13,
Edition 2: Wind Energy Projects in Cold Climates. Report. 2017.

[12] John Canny. ”A computational approach to edge detection”. In:

Pattern Analysis and Machine Intelligence, IEEE Transactions on 6

(1986), pp. 679–698. issn: 0162-8828.

[13] R Cattin and DU Heikkilä. ”Evaluation of ice detection systems

for wind turbines”. In: VGB Research Project 392 (2016).

[14] Thomas E Chambers, Murray W Hamilton, and Iain M Reid.

”A low cost digital holographic imager for calibration and

validation of cloud microphysics remote sensing”. In: SPIE
Remote Sensing. International Society for Optics and Photonics,

100010P–100010P–10.

[15] Stewart G Cober, George A Isaac, and J Walter Strapp. ”Char-

acterizations of aircraft icing environments that include su-

percooled large drops”. In: Journal of Applied Meteorology 40.11

(2001), pp. 1984–2002. issn: 1520-0450.

[16] Ruben D Cohen. ”Shattering of a liquid drop due to impact”.

In: Proceedings of the Royal Society of London A: Mathematical,
Physical and Engineering Sciences. Vol. 435. The Royal Society,

pp. 483–503. isbn: 0962-8444.

[17] Neil Davis et al. ”Forecast of icing events at a wind farm in

Sweden”. In: Journal of Applied Meteorology and Climatology 53.2

(2014), pp. 262–281. issn: 1558-8424.

[18] S Dierer, R Oechslin, and R Cattin. ”Wind turbines in icing

conditions: performance and prediction”. In: Advances in Science
and Research 6 (2011), p. 245. issn: 1992-0636.

page | 60



Bibliography

[19] Hartwig Dobesch,Dimitar Nikolov,andLasse Makkonen. ”Phys-

ical processes, modelling and measuring of icing effects in Eu-

rope”. In: Österreichische Beiträge zu Meteorologie und Geophysik
Publ.Nr. 415.Heft 34 (2005). issn: 1016-6354.

[20] James E Dye and Darrel Baumgardner. ”Evaluation of the

forward scattering spectrometer probe. Part I: Electronic and

optical studies”. In: Journal of Atmospheric and Oceanic Technology
1.4 (1984), pp. 329–344. issn: 1520-0426.

[21] Jordi Estevadeordal and Larry Goss. ”PIV with LED: particle

shadow velocimetry (PSV)”. In: 43rd AIAA aerospace sciences
meeting and exhibit, meeting papers, pp. 12355–12364.

[22] PR Field, AJ Heymsfield, and A Bansemer. ”Shattering and

particle interarrival times measured by optical array probes in

ice clouds”. In: Journal of Atmospheric and Oceanic Technology
23.10 (2006), pp. 1357–1371. issn: 1520-0426.

[23] S Fikke et al. ”COST 727: Atmospheric Icing on structures”.

In: Measurements and data collection on icing: State of the Art,
Publication of MeteoSwiss 75.110 (2006), pp. 1422–1381.

[24] Karen J. Finstad, Edward P. Lozowski, and Edward M. Gates.

”A Computational Investigation of Water Droplet Trajectories”.

In: Journal of Atmospheric and Oceanic Technology 5.1 (1988),

pp. 160–170. issn: 0739-0572. doi: 10.1175/1520-0426(1988)

005<0160:aciowd>2.0.co;2. url: https://dx.doi.org/10.

1175/1520-0426(1988)005<0160:aciowd>2.0.co;2.

[25] Karen J Finstad, Edward P Lozowski, and Lasse Makkonen.

”On the median volume diameter approximation for droplet

collision efficiency”. In: Journal of the atmospheric sciences 45.24

(1988), pp. 4008–4012. issn: 1520-0469.

[26] Jacob P Fugal et al. ”Airborne digital holographic system for

cloud particle measurements”. In: Applied optics 43.32 (2004),

pp. 5987–5995. issn: 1539-4522.

[27] Rafael C Gonzales andRichard E Woods. Digital Image Processing,
2-nd Edition. Prentice Hall, 2002.

page | 61

https://doi.org/10.1175/1520-0426(1988)005<0160:aciowd>2.0.co;2
https://doi.org/10.1175/1520-0426(1988)005<0160:aciowd>2.0.co;2
https://dx.doi.org/10.1175/1520-0426(1988)005<0160:aciowd>2.0.co;2
https://dx.doi.org/10.1175/1520-0426(1988)005<0160:aciowd>2.0.co;2


Bibliography

[28] Gösta H Granlund. ”Fourier preprocessing for hand print char-

acter recognition”. In: IEEE transactions on computers 100.2 (1972),

pp. 195–201. issn: 0018-9340.

[29] Silje Sanderud Haaland. ”Estimating production loss due to

icing on wind turbines”. MA thesis. Universitetet i Tromsø,

2011.

[30] George M Hale and Marvin R Querry. ”Optical constants of

water in the 200-nm to 200-µm wavelength region”. In: Applied
optics 12.3 (1973), pp. 555–563. issn: 1539-4522.

[31] Yiqiang Han, Jose Palacios, and Sven Schmitz. ”Scaled ice accre-

tion experiments on a rotating wind turbine blade”. In: Journal of
Wind Engineering and Industrial Aerodynamics 109 (2012), pp. 55–

67. issn: 0167-6105.

[32] Johan Hansson, Johannes Lindvall,andØyvind Byrkjedal. Quan-
tification of icing losses in wind farms; Vindforsk projects, a survey of
the development and research needs, Elforsk report 2016:299. Report.

Energiforsk, Swedish Energy Research Centre, 2016.

[33] J Henneberger et al. ”HOLIMO II: a digital holographic instru-

ment for ground-based in situ observations of microphysical

properties of mixed-phase clouds”. In: Atmospheric Measurement
Techniques 6.11 (2013), pp. 2975–2987. issn: 1867-1381.

[34] Matthew C. Homola, Per J. Nicklasson, and Per A. Sundsbø.

”Ice sensors for wind turbines”. In: Cold Regions Science and
Technology 46.2 (2006), pp. 125–131. issn: 0165232X. doi: 10.

1016/j.coldregions.2006.06.005.

[35] Matthew C. Homola et al. ”Effect of atmospheric tempera-

ture and droplet size variation on ice accretion of wind tur-

bine blades”. In: Journal of Wind Engineering and Industrial
Aerodynamics 98.12 (2010), pp. 724–729. issn: 01676105. doi:

10.1016/j.jweia.2010.06.007.

[36] Matthew C Homola et al. ”Performance losses due to ice ac-

cretion for a 5 MW wind turbine”. In: Wind Energy 15.3 (2012),

pp. 379–389. issn: 1099-1824.

page | 62

https://doi.org/10.1016/j.coldregions.2006.06.005
https://doi.org/10.1016/j.coldregions.2006.06.005
https://doi.org/10.1016/j.jweia.2010.06.007


Bibliography

[37] Robert F Ide. Comparison of Liquid Water Content Measurement
Technquies in an Icing Wind Tunnel. Report. DTIC Document,

1999.

[38] William J Jasinski et al. ”Wind turbine performance under icing

conditions”. In: Journal of Solar Energy Engineering 120.1 (1998),

pp. 60–65. issn: 0199-6231.

[39] Ville A Kaikkonen, Dmitry Ekimov, and Anssi J Makynen. ”A

holographic in-line imaging system for meteorological applica-

tions”. In: IEEE Transactions on Instrumentation and Measurement
63.5 (2014), pp. 1137–1144. issn: 0018-9456.

[40] Ville A Kaikkonen and Anssi J Mäkynen. ”A high sampling

rate digital holographic imager instrument for the in situ mea-

surements of hydrometeors”. In: Optical Review 23.3 (2016),

pp. 493–501. issn: 1340-6000.

[41] Robert G Knollenberg. ”The optical array: An alternative to

scattering or extinction for airborne particle size determination”.

In: Journal of Applied Meteorology 9.1 (1970), pp. 86–103. issn:

0021-8952.

[42] AV Korolev, JW Strapp, and GA Isaac. ”Evaluation of the accu-

racy of PMS optical array probes”. In: Journal of Atmospheric and
Oceanic Technology 15.3 (1998), pp. 708–720. issn: 1520-0426.

[43] AV Korolev et al. ”Evaluation of measurements of particle

size and sample area from optical array probes”. In: Journal of
Atmospheric and Oceanic Technology 8.4 (1991), pp. 514–522. issn:

1520-0426.

[44] AV Korolev et al. ”The Nevzorov airborne hot-wire LWC‚ÄìTWC

probe: Principle of operation and performance characteristics”.

In: 15.6 (1998), pp. 1495–1510. issn: 1520-0426.

[45] Linhong Kou, Daniel Labrie, and Petr Chylek. ”Refractive in-

dices of water and ice in the 0.65-to 2.5-µm spectral range”. In:

Applied optics 32.19 (1993), pp. 3531–3540. issn: 1539-4522.

page | 63



Bibliography

[46] Bjørn Egil Kringlebotn Nygaard, Jón Egill Kristjánsson, and

Lasse Makkonen. ”Prediction of In-Cloud Icing Conditions at

Ground Level Using the WRF Model”. In: Journal of Applied
Meteorology and Climatology 50.12 (2011), pp. 2445–2459. issn:

1558-8424 1558-8432. doi: 10.1175/jamc-d-11-054.1.

[47] Thomas Kuhn, Igor Grishin, and JJ Sloan. ”Improved imaging

and image analysis system for application to measurement

of small ice crystals”. In: Journal of Atmospheric and Oceanic
Technology 29.12 (2012), pp. 1811–1824. issn: 0739-0572.

[48] Pramod Kulkarni, Paul A Baron, and Klaus Willeke. Aerosol
measurement: principles, techniques, and applications. John Wiley

& Sons, 2011. isbn: 1118001672.

[49] S Lance et al. ”Water droplet calibration of the Cloud Droplet

Probe (CDP) and in-flight performance in liquid, ice and mixed-

phase clouds during ARCPAC”. In: Atmospheric Measurement
Techniques 3.6 (2010), pp. 1683–1706. issn: 1867-1381.

[50] I Langmuir and KB Blodgett. ”A Mathematical Investigation

of Water Droplet Trajectories, Vol. 10”. In: Program Press 196

(1945), pp. 348–355.

[51] RP Lawson and RH Cormack. ”Theoretical design and pre-

liminary tests of two new particle spectrometers for cloud

microphysics research”. In: Atmospheric research 35.2 (1995),

pp. 315–348. issn: 0169-8095.

[52] L. Makkonen. ”Analysis of Rotating Multicylinder Data in Mea-

suring Cloud-Droplet Size and Liquid Water-Content”. In: Jour-
nal of Atmospheric and Oceanic Technology 9.3 (1992), pp. 258–263.

issn: 0739-0572. doi: Doi10.1175/1520-0426(1992)009<0258:

Aormdi>2.0.Co;2. url: <GotoISI>://WOS:A1992HU23200005.

[53] Lasse Makkonen. ”Estimating Intensity of Atmospheric Ice

Accretion on Stationary Structures”. In: 20.5 (1981), pp. 595–600.

issn: 0021-8952. doi: 10.1175/1520-0450(1981)020<0595:

eioaia>2.0.co;2. url: https://dx.doi.org/10.1175/1520-

0450(1981)020<0595:eioaia>2.0.co;2.

page | 64

https://doi.org/10.1175/jamc-d-11-054.1
https://doi.org/Doi 10.1175/1520-0426(1992)009<0258:Aormdi>2.0.Co;2
https://doi.org/Doi 10.1175/1520-0426(1992)009<0258:Aormdi>2.0.Co;2
<Go to ISI>://WOS:A1992HU23200005
https://doi.org/10.1175/1520-0450(1981)020<0595:eioaia>2.0.co;2
https://doi.org/10.1175/1520-0450(1981)020<0595:eioaia>2.0.co;2
https://dx.doi.org/10.1175/1520-0450(1981)020<0595:eioaia>2.0.co;2
https://dx.doi.org/10.1175/1520-0450(1981)020<0595:eioaia>2.0.co;2


Bibliography

[54] Lasse Makkonen. ”Modeling of Ice Accretion on Wires”. In:

23.6 (1984), pp. 929–939. issn: 0733-3021. doi: 10.1175/1520-

0450(1984)023<0929:moiaow>2.0.co;2. url: https://dx.

doi.org/10.1175/1520-0450(1984)023<0929:moiaow>2.0.

co;2.

[55] Lasse Makkonen. ”Models for the growth of rime, glaze, icicles

and wet snow on structures”. In: Philosophical Transactions of the
Royal Society of London A: Mathematical, Physical and Engineering
Sciences 358.1776 (2000), pp. 2913–2939. issn: 1364-503X.

[56] Lasse Makkonen et al. ”Modelling and prevention of ice ac-

cretion on wind turbines”. In: Wind Engineering 25.1 (2001),

pp. 3–21. issn: 0309-524X.

[57] David Marr and Ellen Hildreth. ”Theory of edge detection”.

In: Proceedings of the Royal Society of London. Series B. Biological
Sciences 207.1167 (1980), pp. 187–217. issn: 0962-8452.

[58] Gustav Mie. ”Beiträge zur Optik trüber Medien, speziell kol-

loidaler Metallösungen”. In: Annalen der physik 330.3 (1908),

pp. 377–445. issn: 1521-3889.

[59] Natasha L Miles, Johannes Verlinde, and Eugene E Clothiaux.

”Cloud droplet size distributions in low-level stratiform clouds”.

In: Journal of the atmospheric sciences 57.2 (2000), pp. 295–311.

issn: 1520-0469.

[60] Jennie Molinder et al. ”Probabilistic forecasting of wind power

production losses in cold climates: a case study”. In: Wind
Energy Science wi3.2 (2018), pp. 667–680.

[61] B. E. K. Nygaard, J. E. Kristjansson, and L. Makkonen. ”Predic-

tion of In-Cloud Icing Conditions at Ground Level Using the

WRF Model”. In: Journal of Applied Meteorology and Climatology
50.12 (2011), pp. 2445–2459. issn: 1558-8424. doi: Doi10.1175/

Jamc-D-11-054.1. url: <GotoISI>://WOS:000298019500006.

[62] International Standardization Organization. ISO 12494: 2001,
Atmospheric Icing of structures. 2011.

page | 65

https://doi.org/10.1175/1520-0450(1984)023<0929:moiaow>2.0.co;2
https://doi.org/10.1175/1520-0450(1984)023<0929:moiaow>2.0.co;2
https://dx.doi.org/10.1175/1520-0450(1984)023<0929:moiaow>2.0.co;2
https://dx.doi.org/10.1175/1520-0450(1984)023<0929:moiaow>2.0.co;2
https://dx.doi.org/10.1175/1520-0450(1984)023<0929:moiaow>2.0.co;2
https://doi.org/Doi 10.1175/Jamc-D-11-054.1
https://doi.org/Doi 10.1175/Jamc-D-11-054.1
<Go to ISI>://WOS:000298019500006


Bibliography

[63] Olivier Parent and Adrian Ilinca. ”Anti-icing and de-icing

techniques for wind turbines: Critical review”. In: Cold regions
science and technology 65.1 (2011), pp. 88–96. issn: 0165-232X.

[64] Judith MS Prewitt. ”Object enhancement and extraction”. In:

Picture processing and Psychopictorics 10.1 (1970), pp. 15–19.

[65] T Reisinger et al. ”On the relative intensity of Poisson‚Äôs spot”.

In: New Journal of Physics 19.3 (2017), p. 033022. issn: 1367-2630.

[66] Lawrence G Roberts. ”Machine perception of three-dimensional

solids”. PhD thesis. Massachusetts Institute of Technology, 1963.

[67] Staffan Rydblom. ”Measuring Water Droplets to Detect Atmo-

spheric Icing”. PhD thesis. Mid Sweden University, 2017.

[68] Stefani Rydblom. Are1819. 2019. doi: 10.21227/nf2s-h782.

url: http://dx.doi.org/10.21227/nf2s-h782.

[69] Wayne R Sand et al. ”Icing conditions encountered by a research

aircraft”. In: Journal of climate and applied meteorology 23.10 (1984),

pp. 1427–1440. issn: 0733-3021.

[70] John H Seinfeld and Spyros N Pandis. Atmospheric chemistry and
physics: from air pollution to climate change. John Wiley & Sons,

2016.

[71] Y Seity et al. ”The AROME-France convective-scale operational

model”. In: Monthly Weather Review 139.3 (2011), pp. 976–991.

issn: 1520-0493.

[72] RA Shaw et al. Final report on holodec 2 technology readiness level.
Tech. rep. Technical report, DOE Office of Science Atmospheric

Radiation Measurement ‚Ä¶, 2012.

[73] Irwin Sobel. ”An Isotropic 3x3 Image Gradient Operator”. In:

Presentation at Stanford A.I. Project 1968 (Feb. 2014).

[74] J. K. Spiegel et al. ”Evaluating the capabilities and uncertain-

ties of droplet measurements for the fog droplet spectrometer

(FM-100)”. In: Atmospheric Measurement Techniques 5.9 (2012),

pp. 2237–2260. issn: 1867-8548. doi: 10.5194/amt-5-2237-

2012.

page | 66

https://doi.org/10.21227/nf2s-h782
http://dx.doi.org/10.21227/nf2s-h782
https://doi.org/10.5194/amt-5-2237-2012
https://doi.org/10.5194/amt-5-2237-2012


Bibliography

[75] Hiroyuki Tanaka, Yohtaro Umeda, and Osamu Takyu. ”High-

speedLED driver forvisible light communications withdrawing-

out of remaining carrier”. In: Radio and Wireless Symposium
(RWS), 2011 IEEE. IEEE, pp. 295–298. isbn: 1424476879.

[76] Gregory Thompson et al. ”Using the Weather Research and

Forecasting (WRF) model to predict ground/structural icing”.

In: 13th International Workshop on Atmospheric Icing on Structures,
METEOTEST, Andermatt, Switzerland.

[77] Petra Thorsson, Stefan Söderberg, and Hans Bergström. ”Mod-

elling atmospheric icing: A comparison between icing calcu-

lated with measured meteorological data and NWP data”. In:

Cold Regions Science and Technology 119 (2015), pp. 124–131. issn:

0165-232X.

[78] Omar Veledar et al. ”Simple techniques for generating nanosec-

ond blue light pulses from light emitting diodes”. In: Measure-
ment Science and Technology 18.1 (2007), p. 131. issn: 0957-0233.

[79] Timothy P Wallace and Paul A Wintz. ”An efficient three-

dimensional aircraft recognition algorithm using normalized

Fourier descriptors”. In: Computer Graphics and Image Processing
13.2 (1980), pp. 99–126. issn: 0146-664X.

[80] M Wendisch, A Keil, and AV Korolev. ”FSSP characterization

with monodisperse water droplets”. In: Journal of Atmospheric
and Oceanic Technology 13.6 (1996), pp. 1152–1165. issn: 1520-

0426.

[81] Manfred Wendisch and Jean-Louis Brenguier. Airborne measure-
ments for environmental research : methods and instruments. Wiley

Series in Atmospheric Physics and Remote Sensing. Weinheim:

Wiley-VCH, 2013, xxxii, 655 pages. isbn: 9783527409969 (hbk.)

3527409963 (hbk.)

[82] CD Westbrook et al. ”Estimating drizzle drop size and precipita-

tion rate using two-colour lidar measurements”. In: Atmospheric
Measurement Techniques 3.3 (2010), pp. 671–681. issn: 1867-8548.

page | 67



Bibliography

[83] Helena Wickman. ”Evaluation of field tests of different ice mea-

surement methods for wind power: focusing on their usability

for wind farm site assessment and finding production losses”.

MA thesis. Uppsala universitet, 2013.

[84] C. Willert et al. ”Pulsed operation of high-power light emitting

diodes for imaging flow velocimetry”. In: Measurement Science
and Technology 21.7 (2010), p. 075402. issn: 0957-0233 1361-6501.

doi: 10.1088/0957-0233/21/7/075402.

[85] Jing Yang et al. ”Coupled Atmospheric‚ÄìIce Load Model for

Evaluation of Wind Plant Power Loss”. In: Journal of Applied
Meteorology and Climatology 54.6 (2015), pp. 1142–1161. issn:

1558-8424. doi: 10.1175/jamc-d-14-0125.1. url: https:

//dx.doi.org/10.1175/jamc-d-14-0125.1.

page | 68

https://doi.org/10.1088/0957-0233/21/7/075402
https://doi.org/10.1175/jamc-d-14-0125.1
https://dx.doi.org/10.1175/jamc-d-14-0125.1
https://dx.doi.org/10.1175/jamc-d-14-0125.1

	Abstract
	Sammanfattning
	Contents
	List of Figures
	List of Tables
	List of Papers
	List of Papers
	List of Abbreviations
	Acknowledgements
	1 Introduction
	1.1 Scientific Contribution
	1.2 Introduction to Measurements of Atmospheric Icing
	1.3 Rare Measurements
	1.4 Initial Choices
	1.5 From Laboratory to Field
	1.6 Related Techniques

	2 Theory
	2.1 Icing from Atmospheric Liquid Water
	2.2 Requirements on Measurement of LWC and MVD
	2.3 Light Scattering and Absorption

	3 Methods
	3.1 The Shadowgraph System
	3.2 The Fog Chamber
	3.3 The Installation in Klövsjö
	3.4 The Installation in Åre
	3.5  Equipment Failures
	3.6 Measuring Icing Intensity
	3.7 Measuring Ice Load
	3.8 Estimation of Icing Intensity by KNN

	4 Discussion and Comments on the Results
	4.1 System Design of the DII
	4.2 Systematic Difference in Measured LWC
	4.3 Icing Measurements
	4.4 Simulation of Ice Load using Artificial Intelligence
	4.5 Image Quality and Background Light Intensity
	4.6 Precision and Accuracy
	4.7 Qualitative Evaluation of Data in Icing Conditions
	4.8 Social and Ethical Aspects

	5 Summary of the Thesis
	5.1 Conclusions
	5.2 Authors' Contributions

	Bibliography



