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Abstract

In recent years the reported cases of leading-edge erosion (LEE) of wind turbine blades,
especially offshore, have increased. LEE is an umbrella term for damages on the leading edge
of turbine blades. The impact of particles, such as the precipitation particles rain and hail,
causes stresses in the material, which leads first to rougher surfaces and tiny cracks and then
to visible damages. These damages affect the aerodynamic efficiency causing a decrease in the
annual energy production. As a last consequence, the turbine blades must be replaced, if the
damages are not repaired in time. To avoid unforeseen repair and maintenance costs, more
realistic blade lifetimes calculations are needed. In addition, tailored mitigation strategies are
requested to reduce LEE and its negative effect on the rate of return.

The first main objective of this PhD thesis was the investigation of the spatio-temporal be-
havior of precipitation in the North Sea and Baltic Sea area, the influencing factors and their
affect on blade lifetime. LEE models and related blade-lifetime calculations benefit from a bet-
ter understanding of precipitation as inappropriate model assumptions can be detected.

The second main objective was to develop a strategy for integrating precipitation data in
the erosion-safe mode concept. This is using a turbine control to decrease the wind turbine
tip-speed in case the rain rate exceeds a certain threshold. The erosion-safe mode reduces the
impact speed of particles and thereby reduces the stresses and related damages on the leading
edge.

Time series of precipitation from disdrometers and rain gauges and other meteorological
parameters with a duration of one up to six years were analysed from several stations located
offshore or close to the coast of the North Sea and Baltic Sea. Variability of the precipitation
parameters rainfall amount, rainfall kinetic energy (KE), precipitation type and the reflectivity
- rain rate (Z-R) relationship with geographical location and weather type was investigated. In
a further step, the influence of drop diameter and wind speed on KE was analysed. KE com-
bines the parameters drop number, drop diameter and drop fall speed. The same factors are
considered in some LEE models. The effect of different drop-diameter parameterisations and
rain amounts on blade lifetime was analysed using an existing LEE model.

Rain was the dominant precipitation type at all stations. Comparisons of different precip-
itation parameters, like rainfall amount and KE, showed variations with geographical location
and weather type. The dependence of KE on location and weather type could be explained by
differences in the drop-size distribution and this was estimated successfully with the parame-
ters of the Z-R relationship. Drop diameters contributed with different weight to the cumula-
tive KE, where mid-size drops contributed the most. In addition to that, factors like season and
wind speed influenced the drop-size distribution and therefore also KE. This resulted in higher
KE values in summer and autumn. For the first time it was shown that blade lifetime calcu-
lations are sensitive to the applied diameter parameterisation used for calculating the impact
energy. Further calculations proved that an erosion-safe mode extends blade lifetime by re-
ducing LEE. For an effective use of an erosion-safe mode control, a novel nowcasting method
for precipitation was suggested, considering the fall properties of rain. This method allows an
active application of the erosion-safe mode, i.e., a decrease of the tip speed before the precipi-
tation impacts.



These results highlight the variety of precipitation conditions, their influencing factors and
show their relevance for LEE. In future, the results might be included in site assessment to allow
realistic LEE predictions. Furthermore, the development of an innovative precipitation now-
casting is an important step towards the field scale implementation of the promising erosion-
safe mode.



Dansk resumé

Der er rapporteret om stigende problemer med forkants-erosion på vindmøllevinger, især
på havvindmøller gennem de seneste år. Forkants-erosion er en samlet betegnelse for skader
på forkanten af vindmøllevinger. Det er påvirkningen af partikler på overfladen af materialet
som forårsager skader. Partiklerne er primært regn og hagl. Når partiklerne rammer vingen
opstår der spændinger i materialet og materialet påvirkes. Overfladen bliver mere ru og siden-
hen opstår små revner. Disse vil med tiden blive synlige. Den ru overflade forringer vingernes
aerodynamiske effekt, hvilket betyder at møllen producerer mindre energi, hvis ikke skaderne
udbedres gennem reparation. Bliver skader store må vingen i værste tilfælde udskiftes. For at
undgå uforudset reparation og tilhørende udgifter til vedligehold, er det af stor betydning at
kunne forudse forkants-erosion og beregne den forventede levetid. Metoder til at formindske
eller undgå forkants-erosion er efterspurgte, da problemet har negativ betydning for det økonomiske
afkast.

Det første mål i PhD studiet var at undersøge de rumlige og tidslige variationer i nedbør i
Nordsøen og Østersøen med henblik på de faktorer, som påvirker forkantens levetid. Beregning
af forkants-erosion og vingeforkanters levetid kan forbedres ved at anvende mere detaljeret
viden om nedbøren og ved at undgå anvendelse af uhensigtsmæssige antagelser om nedbøren.

Det andet mål i PhD studiet var at udvikle en strategi for hvorledes nedbørsdata kan an-
vendes i forhold til vindmøllekontrol kaldet erosion-safe-mode. Denne møllekontrol består
i at sænke møllevingernes hastighed i perioder med regn, der overstiger en vis tærskelværdi.
Herved opnår man at reducere påvirkningen af nedbørspartikler, som rammer forkanten, da
spændingerne i materialet bliver mindre og skaderne dermed helt eller delvis undgås.

Tidsserier af nedbør målt med disdrometer og regnmålere samt andre meteorologiske parame-
tre observeret flere steder over havet og nær kysterne ved Nordsøen og Østersøen er analyseret.
Tidsserierne er fra et til seks år lange. Variationen af nedbørsparametrene nedbørsmængde,
nedbørens kinetiske energi (KE), nedbørstype, refleksion og regn-intensitet (Z-R) og disses sam-
menhænge for geografisk steder og forskellige vejrtyper er undersøgt. Endvidere er sammen-
hængen mellem KE og dråbestørrelser, årstidsvariationer og vindens påvirkning af dråbestørrelses-
fordelingen analyseret. Det er de samme nedbørsparametre som indgår i modeller til beregn-
ing af forkanters levetid. To forskellige parametrisering for dråbestørrelsen og effekten af disse
i forhold til forkanters levetid er beregnet ud fra en af disse modeller.

Ved alle vejrstationer er regn er den dominerende nedbørstype. Der er forskelle i ned-
børsmængde og KE mellem stationer og for forskellige vejrtyper. KE og dennes afhængighed af
nedbørsmængde og vejrtype kan beskrives ud fra dråbestørrelsesfordelingen, som med suc-
ces blev estimeret fra parametre i relation til Z-R værdier. Dråbestørrelserne bidrager med
forskellig vægt til den samlede KE og de mellemstore dråber bidrager mest. Derudover bety-
der både årstiderne og vindhastigheden noget for dråbestørrelsesfordelingen og dermed for
KE. KE er højere sommer og efterår. Det er første gang at det er påvist hvorledes den anvendte
dråbestørrelses-parametrisering indvirker på beregningen af vingens levetid ved anvendelse af
en forkants-erosions model og erosion-safe-mode kontrol. For at kunne gennemføre erosion-
safe-mode kontrol er der brug for en ny nowcasting metode. Den ny metode er udviklet i PhD



studiet og består måleteknisk af at følge dråbernes vej ned gennem atmosfæren inden de ram-
mer vingen. Metoden gør det muligt at aktivere møllekontrollen før nedbørspartiklerne forår-
sager erosion.

Resultaterne understreger variabiliteten i nedbørsparametre og deres betydning for forkants-
erosion. I fremtiden vil det være muligt at resultaterne anvendes ved planlægning af vindmøller
på nye steder hvor et realistisk estimatet for forkants-erosion vil indgå. Endelig udgør den inno-
vative ny nowcasting til møllekontrol med erosion-safe-mode et betydeligt fremskridt i retning
af at kunne anvende metoden i praksis.



Preface
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Abbreviations and acronyms

Abbreviation/acronym
2DVD Two-dimensional video disdrometer
AEP Annual Energy Production
AMT Rainfall amount
CEDA Natural Environment Research Council’s Data Repository for

Atmospheric Science and Earth Observation
D Drop diameter
D0 Median-volume diameter
D50 Rain-rate dependent drop diameter based on Best (1950)
Dm Mass-weighted mean diameter
DMI Danish Meteorological Institute
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DTU Technical University of Denmark
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KE Rainfall kinetic energy
KER Rainfall kinetic energy rate
KER-R Rainfall kinetic energy rate-Rain rate relationship
KE(D) Drop-diameter dependent rainfall kinetic energy
kW Kilowatt
LEE Leading-edge erosion
LEP Leading-edge protection
LPM Laser Precipitation Monitor (from Thies)
LWC Liquid-water content
MW Megawatt
MRR-PRO Micro Rain Radar PRO (from METEK)
N(D) Drop concentration, also drop-size distribution
OPEX Operational expenditures
R Rain rate (same as rain intensity)
RPM Rotations per minute
SYNOP Surface synoptic observation (code)
TRMM Tropical Rainfall Measuring Mission
UK United Kingdom
US United States of America
vt Terminal fall velocity
WMO World Meteorological Organisation
WT Weather type
Z (Radar) Reflectivity
Z-R Reflectivity-Rain rate relationship
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Part I

Synopsis



1 | Introduction

Wind power has been used for centuries. In earlier times wind was essential for overseas
travel and trade as well as for grain milling. In the recent decades wind has become important
for energy production. According to the Wind Energy Barometer from 2019, the 28 countries
of the European Union (EU) have 191.5 GW installed wind energy capacity, where 21.8 GW are
offshore (11%). That means that wind energy production accounted for 15% of the electricity
consumption of EU-28 (WindEurope 2020). The EU Green Deal pursues the goal to make EU
climate-neutral. The plans include to increase the fraction of renewable power production and
wind energy takes here an important role. It is intended to increase the offshore wind capacity
to 450 GW in 2050, which is 20 times more than today. In comparison, the onshore capacity
should grow about 3.5 times in the same time period. Plans to increase offshore wind capacity
are not surprising. Wind over the ocean surface is stronger with higher wind speeds and lower
turbulence intensities. Additionally, wind is more consistent, i.e., having less wind speed and
directional changes compared to onshore (Emeis 2013). Thus, wind turbines offshore generally
have a high capacity factor and produce more power. Another argument for increasing offshore
wind power is to reduce the influence on human life by e.g., noise and view.

The first offshore wind farm in the world was installed close to the shore of Vindeby (Den-
mark) in 1991 with eleven 450 kW wind turbines. Since then, a lot has changed in offshore
wind energy including more knowledge about wind offshore and wind turbine technology. To
increase the energy capture per wind turbine, the wind turbine blade length has grown. The
newest International Energy Agency (IEA) 15 MW offshore reference wind turbine has a rotor
diameter of 240 m (Gaertner et al. 2020). This size is in the same order as the newest develop-
ments from wind-turbine manufacturers. For comparison, the DTU 10 MW reference turbine,
published in 2013, has a rotor diameter of 178 m (Bak et al. 2013). The increase of the rotor
diameters have also lead to an increase in the tip speed of the blades. For example, the maxi-
mum tip speed of the 15 MW offshore reference wind turbine is 95 m s-1, which is 5 m s-1 faster
compared to the DTU 10 MW reference turbine.

During recent years the wind industry has paid increasing attention to the so-called leading-
edge erosion (LEE). LEE is the gradual roughening and removal of the top coating and under-
lying blade material at the leading edge of the wind turbine blade due to impact of particles
(Figure 1.1). Based on information from the industry, LEE develops faster offshore than on-
shore. As a smooth coating is essential for a good aerodynamic performance and protects the
underlying material from environmental influences, its removal has consequences for the aero-
dynamic but also the structural performance of the wind turbine (Verma et al. 2020). Due to
increased roughening of the leading edge, the aerodynamic lift decreases and the aerodynamic
drag increases (e.g. Gaudern (2014)). The changed aerodynamic properties also impact the an-



Introduction

nual energy production (AEP) (Bak et al. 2020). Several studies investigating the consequences
of LEE show a loss in AEP between 2 and 7 % (Sareen et al. 2014; Schramm et al. 2017), where the
degree of LEE is a crucial factor. Bak et al. (2020) emphasized that AEP loss is also a function
of the wind climate and the maximum tip speed. They show that assuming the same degree
of leading-edge roughness, sites with low wind speeds or with low maximum tip speeds have
higher AEP losses. If eroded leading edges are not repaired, structural problems will occur, be-
cause the damaged coating allows moisture absorbance by the composite material which ef-
fects negatively structural parameters like strength and stiffness (Nunemaker et al. 2018). The
expected lifetime of wind turbine blades is 20 to 25 years. However, it is known that blades of
the wind parks London Array, Anholt and Horns Rev 2 required a repair 5 and 7 years, respec-
tively, after their installation (Elhadi Ibrahim et al. 2019; Herring et al. 2019). Hence, LEE causes
beside a decrease in AEP also increased operational expenditures (OPEX) due to required, but
often unplanned maintenance and repair costs.

Figure 1.1: Photo of an eroded leading edge. From https://www.duraledge.dk/

To keep offshore wind energy competitive it is important to mitigate LEE and the related
financial impacts, e.g., loss in energy production and high OPEX costs. It is essential to under-
stand the process of LEE and its influencing factors to develop effective mitigation strategies.
Several projects (e.g., EROSION1, DURALEDGE2, COBRA3, BLEEP4, BeLeb5) and initiatives (IEA
topical meeting6) show the increased awareness of LEE and its consequences for offshore wind
energy in industry and academia. Keegan et al. (2013) was one of the first who investigated dif-
ferent aspects of LEE in detail. Since then different aspects have been analysed, but the focus of
the investigations has mainly been on improving materials and developing impact models with
standardized precipitation parameters. This PhD thesis investigates the spatio-temporal vari-
ability of different precipitation parameters and the effect on blade lifetime as well as methods
to forecast precipitation as part of LEE mitigation strategies.

1See: https://www.rain-erosion.dk/
2See: https://www.duraledge.dk/
3For example: https://cleantechnica.com/2019/03/06/dnv-gl-sets-out-to-tackle-wind-turbine-blade-erosion/
4See https://ore.catapult.org.uk/stories/blade-leading-edge-erosion/
5See: https://www.iwes.fraunhofer.de/en/research-projects/current-projects/beleb.html
6See: https://ieawind.connectedcommunity.org/task11/ourlibrary
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2 | The relevance of precipitation to leading-edge ero-
sion

2.1 Leading-edge erosion: An overview

Leading-edge erosion (LEE) is caused by the interaction of several processes and requires
therefore multi-disciplinary research. Blade material, environmental, aerodynamic and oper-
ational conditions as well as the physics of their interaction influence the erosion of the leading
edge (Slot et al. 2015). These aspects are discussed in the following overview.

2.1.1 Turbine blade structure and material

The majority of installed wind turbines are horizontal axis wind turbines (HAWT) with three
blades (Manwell et al. 2002). The blades are the most important part of the wind turbine as
they capture the wind. Usually a blade is made out of two separate shells which are adhesively
bonded on the leading and trailing edge. Figure 2.1 shows the position of leading and trailing
edge on the airfoil shape of the blade. The leading edge is the front edge that moves through
the air.

Figure 2.1: Airfoil terminology and airflow around the blade. Adopted from Manwell et al.
(2002).

According to Mishnaevsky et al. (2017) and Manwell et al. (2002) most wind turbine blades
are made out of composites nowadays, where usually a binder matrix is reinforced with fibers.
For the binder matrix thermosets (polyester, epoxy and vinyl ester), thermoplastics and nano-
engineered polymers are options. For fibers one distinguishes between glass, carbon, basalt,
aramid (aromatic polyamide) or natural (e.g., bamboo or timber) fibers. Design requirements
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for turbine blades as well as structural strength, stiffness and the fatigue behavior influence the
choice of binder matrix and fibers. High structural strength and stiffness are needed to survive
high loads, i.e., forces and moments, during the expected lifetime of 20-25 years. Furthermore,
parameters like cure time and processing temperature as well as material costs are considered
in the material choice. The most common used composite consists of glass fibers embedded
in a thermoset, mostly polyester resin (Keegan et al. 2013; Verma et al. 2020; Mishnaevsky et
al. 2017). Due to the increasing numbers of turbine blades reaching their expected lifetime,
the recycling aspect of the used material is getting more important. Thermoplastics are easier
to recycle compared to thermosets as thermoplastics can be heated and formed to something
else (Zhang et al. 2015). However, they need higher temperatures in the production and have a
poorer fatigue behaviour compared to thermosets. Composites with nanoengineered polymers
or basalt, aramid or natural fibers are still under development, but show promising behaviours
regarding resilience to erosion and the materials are more environmental friendly.

A considerable disadvantage of composite materials is their sensitivity to environmental
factors like air temperature, UV light, moisture, ice and precipitation impact. To overcome this
weakness, a protective coating needs to be applied on the top of the composite (Keegan et al.
2013). There are two ways to apply such a surface coating material (Herring et al. 2019):

• In-mould application: The coating layer is added to the composite as part of the mould-
ing process in which the layers, forming the final blade, are added to each other. The
coating material is typically similar to the binder matrix material (e.g., polyester, epoxy).

• Post-mould application: The coating layer is added after the moulding process by spray-
ing, rolling or troweling. The material choice is more flexible, where often polyurethanes
are used.

According to Keegan et al. (2013) it is possible that several coating layers are applied to protect
against different environmental factors.

2.1.2 Erosion mechanisms

Wind turbine blades operate in environments where the impact of different particles (e.g.,
precipitation, sand, dust, sea spray) is unavoidable. To some degree rainfall can be beneficial to
clean the turbine blades from debris (e.g., insects). However, the repetitive impact of precipi-
tation particles can also have negative consequences like the mentioned erosion of the leading
edges. Therefore, it is essential to investigate the appearance of the different particles in the
atmosphere to estimate the risk of LEE. In arid regions, sand storms and the related impact of
sand grains lead to an increased roughness of the leading edge (Zidane et al. 2016). In other
areas like in Northern Europe, it is the impact of precipitation particles, especially raindrops,
that cause erosion on the leading edge (Keegan et al. 2013). Currently, the wind industry is most
concerned about the second one. To develop protection strategies for the leading edge against
the impact of precipitation particles, it is necessary to understand the physics of erosion dam-
age mechanisms.

Bartolomé et al. (2019) distinguish five forms of erosion based on the process responsible
for the damage, which are impact of solid particles, slurries, impingements, drops or cavitation.
In case of LEE it is drop erosion and solid particle erosion that are relevant.
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According to Rein (1993) the following parameters influence the impact of a liquid drop:

• Drop form

• Impact angle and velocity

• Type of surface (liquid or solid)

Figure 2.2 gives a graphical summary of these dependences.

Figure 2.2: Parameters that influence the impact of a liquid drop. Adopted from Rein (1993).

Elhadi Ibrahim et al. (2019) provide a basic description of the most important occurring
processes during raindrop impacts on a solid material. Each raindrop has a kinetic energy,
which is the available impact energy. The kinetic energy is a function of the raindrop mass and
the impact velocity. In case of LEE, the impact velocity of the raindrop is the vector sum of its
terminal fall velocity and the tip speed and depends therefore on the blade position (Keegan
et al. 2013). However, some studies assume that the impact velocity is the same as the tip speed
(e.g., Hu et al. (2020)).
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In the moment of the impact, a pressure is induced on the surface of the solid material,
because of the water-hammer effect in the drop. This impact pressure is also called water-
hammer pressure (Cook 1928). Assuming a one-dimensional process and neglecting the influ-
ence of the solid on the impact, the water-hammer pressureP is defined asP = ρCV whereρ is
the density of the liquid,C is the speed of compression waves in the drop (sound speed) and V
is the impact velocity of the drop. This pressure initiates stress waves, which propagate through
the solid. The stress waves are: (i) body waves (compressional waves and shear waves) and (ii)
Rayleigh wave on the surface (see Figure 2.3). The wave velocities as well as the absorption of
the wave energy depend on the material properties. The waves interact with small discontinu-
ities in the blade material (e.g., air bubble) which can result in a damage of the blade material
e.g., cracks. Slot et al. (2015) provide a more detailed description about wave propagation.

Figure 2.3: Drop impact on a solid (e.g., blade; in grey) and related stress waves. Reproduced
from Elhadi Ibrahim et al. (2019).

A shock wave of the compressed drop propagates also into the drop (Figure 2.4). When the
shock wave overtakes the contact line between drop and surface, lateral jetting (or outflow)
starts and spreads radially. The velocity of the lateral jetting can be several magnitudes higher
compared to the impact velocity. Jenkins et al. (1960) measure between 100 to 1140 m s-1 for a
2 mm drop. As the lateral jetting has these high velocities, it can tear of existing surface irregu-
larities and therefore can cause further damage.

Figure 2.4: Propagation of a shock wave into drop and onset of lateral jetting. Adopted from
Valaker et al. (2015).

Elhadi Ibrahim et al. (2019) emphasized that it is important to know the detailed impact
parameters as they govern the absolute values of water-hammer pressure, stress waves and the
velocity of the lateral jetting. Together with the properties of the solid material they influence
possible damage.
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Hu et al. (2020), Verma et al. (2020), and Doagou-Rad et al. (2020) investigate the influence
of selected parameters on the behaviour of stress waves in some coatings with a finite-element
simulation using the commercial code ABAQUS. Verma et al. (2020) analyse the effect of varying
drop diameters and find increasing stresses with increasing diameter. Furthermore, the contact
duration is higher for larger drops compared to smaller drops. Doagou-Rad et al. (2020) find
that non-spherical drops with a similar liquid volume as spherical drops lead to higher maximal
values of stress and variations in the stress pattern in the coating. Hu et al. (2020) and Verma
et al. (2020) conclude based on their modelling results that the maximal stresses increase with
increasing impact angle and are highest for normal impingement (90 degrees). According to
Hu et al. (2020), the maximal stresses decrease with decreasing impact velocity. This result
supports the finding of Verma et al. (2020) who states that the number of drop impacts must
be increased seven times when the impact velocity is reduced from 140 m s-1 to 80 m s-1 to
see onset of erosion. These modelling results are confirmed by experimental results from Pugh
et al. (2018) who find more erosion with higher impact velocities. Related to the surface type,
Doagou-Rad et al. (2020) show that a thin water film on the coating surface reduces the maximal
stress values in the coating.

In this connection it should also be mentioned that according to Eisenberg et al. (2018)
raindrops smaller than 0.2 mm might move along with the streamlines of the turbine blade and
thereby not impact the blade. Aerodynamic flow model results from Li et al. (2020) support this
described behaviour. According to them the collision probability of turbine blade and raindrop
depends on wind speed, rain rate and drop diameter.

Additionally to liquid drops, the impact of other particles such as sand grains or hailstones
on the turbine blades causes LEE as well. According to the description of the World Meteo-
rological Organisation (WMO), hailstones have usually a diameter equal or larger than 5 mm,
while raindrops rarely have a diameter larger than 6 mm. Hence, hailstones have a higher mass
than raindrops which leads to a higher fall velocity. Consequently, the impact energies from
hailstones are higher compared to raindrops. Furthermore, solid hailstones are more ductile
during low strain rates and more brittle during high strain rates, although there is a large vari-
ability between hailstones (Giammanco et al. 2015). Nevertheless, the behaviour of hailstones
during the impact and related stresses in the material are different compared to the impact of
liquid raindrops (Keegan et al. 2013). The impact of solid particles like hailstones or sand grains
is related to further processes like abrasion and brittle fracture (cracking) of the blade material
which can also lead to damage on the leading edge (Mishnaevsky 2019). Figure 2.5 provides
an overview of these mechanisms, where the mechanism itself depends on the impact angle
and the impact velocity of the solid particle as well as on the material properties. According
to Law et al. (2020) the impact of solid particles, for example sea-salt aerosols or aerosols/dust
originating from querries, is underestimated as factor for LEE.

A single impact of a particle might cause no damage but the repeated impact will do with
time. Damage after repeated impacts, called fatigue, is according to Slot et al. (2015) and Elhadi
Ibrahim et al. (2019) one of the dominant damage mechanisms for erosion. Due to manufac-
turing issues or previous impacts there might already exist irregularities like air bubbles or tiny
cracks in the coating. These inhomogeneities influence the erosion process negatively (Fæster
et al. 2020).

Erosion is a time-dependent and non-linear process, where signs of erosion get more ob-
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Figure 2.5: Damage mechanisms caused by a solid particle impact. Adopted from Barkoula et
al. (2002).

vious with time. Elhadi Ibrahim et al. (2019) show a typical erosion curve (s-shaped) with five
consecutive periods going from roughening of the blade surface in the incubation period, to
crack formation by fatigue in the coating and composites accompanied by material loss in the
acceleration period. In the period of maximum erosion, it comes to delamination of the blade.
Gaudern (2014) describes five different erosion categories and pattern dimensions. According
to him small damages coalesce to larger ones with time (small pin-holes to patches) and caus-
ing larger areas being affected by erosion (2 to > 500 mm). As indicated in chapter 1, the time
frame between installation and first signs of erosion vary considerable for different locations
and turbine types.

Overall, erosion of the leading edges of turbine blades is caused by a complex interaction of
different processes where beside material properties parameters like impact frequency, impact
angle and impact velocity of particles are crucial.

2.1.3 Erosion mitigation strategies

Currently, there are two main strategies to mitigate erosion of the leading edges, so called
leading-edge protection (LEP) strategies: (i) improving material of leading edges, (ii) wind tur-
bine control.

(i) The following materials are used to protect the leading edge of the turbine blade: coat-
ings (polyester, epoxy, polyurethanes), leading-edge tapes (e.g., polyurethane based elas-
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tomeric tape by 3M), erosion shields (e.g., thermoplastic semi-flexible shield by Armour
Edge) and integrated erosion shields. Herring et al. (2019) compare their sensitivity for
defects and poor adhesion as well as their influence on the aerodynamic performance of
the blade. While tapes and shields are less sensitive to defects than coatings, they have
a higher influence on the aerodynamic performance. The attachment of these materials
on the leading edge is challenging, because specific environmental conditions (e.g., air
temperature, humidity) are required and the process itself is not automated and therefore
labour intensive.

(ii) Bech et al. (2018) suggest to decelerate the tip speed of the turbine blade during severe
precipitation events to reduce the impact velocity of raindrops and avoid damage due to
high stresses in the material. Similar to the noise-reduction mode, this control of the tur-
bines’ tip speed can be describe as erosion-safe mode (ESM) or erosion-safe operation
(ESO). The turbine control can be applied independently of the location, and is therefore
an interesting option for offshore turbines where repairing the leading edges is challeng-
ing. However, this approach needs precise precipitation forecasts to reduce tip speed for
as long as needed to avoid damage but for as short a time as possible to limit production
loss. Skrzypiński et al. (2020) models the profit by running the IEA 15 MW offshore ref-
erence turbine with and without ESO considering energy price and meteorological con-
ditions at a coastal side in Denmark. They find that applying ESO, where the tip speed is
only a function of the rain rate, reduces 88% of the profit loss caused by LEE.

2.2 Aspects of precipitation for leading-edge erosion

Detailed knowledge about precipitation is needed for several aspects of LEE. Especially the
incidence of different precipitation particles as well as size, form and velocity of raindrops are
of special interest for realistic erosion modelling and material tests. Spatio-temporal variability
of these parameters are a prerequisite for calculating and comparing erosion rates at different
geographical locations and precipitation forecasts are essential for turbine control to mitigate
erosion. This leads to the question: What do we already know about precipitation?

2.2.1 Precipitation - a diverse phenomenon

Precipitation is not a constant phenomenon in relation to time and space. Peters et al.
(2002) describes precipitation as a relaxational process in nature like avalanches or earthquakes.
D’Adderio et al. (2018) investigate the probability of having an equilibrium drop-size distribu-
tion (DSD) in natural rain, where all processes influencing the drop diameter, i.e., coalescence
and collision, are constant. They found that the DSD is constant only during very short time
periods (2-4 minutes). Therefore, variability of precipitation within and between events is not
surprising.

Hydrometeors is the umbrealla term for all condensed particles of water, i.e., covering tiny
cloud droplets to large hailstones. Cloud particles usually form when water vapor condenses
on aerosol particles in the air (liquid cloud particle) or water vapor deposits directly on ice nu-
cleus (solid cloud particle). By diffusion and collision including coalescence the cloud particles
grow (Stull 2000). As soon as the updraft in clouds is too weak to keep the cloud particles, they
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fall out of the cloud and are called precipitation particles (Wang 2013). According to the classi-
fication of WMO, there are 11 different precipitation types1: rain, freezing (supercooled) rain,
drizzle, freezing (supercooled) drizzle, snow, snow grains, snow pellets, diamond dust, hail,
small hail and ice pellets. Depending on the geographical location, these precipitation types
occur with different frequency and potentially impact the turbine blade. Drizzle and rain are
the most frequent precipitation types in low- and mid-latitudes, compared to snow in high-
latitudes. Other precipitation types are less frequent and occur only in connection to specific
atmospheric conditions.

Rain can be divided into convective and stratiform rain. Convective rain is often associated
with strong local updrafts where cloud particles grow by coalescence and riming. In contrast,
stratiform rain is formed during weak updrafts where cloud particles grow by water vapor depo-
sition and aggregation of ice particles which melt passing the 0°-isotherm (Houze 2014). Bringi
et al. (2003) compare rain measurements all over the world and find for stratiform rain a mass-
weighted mean diameter (Dm) between 1.25 and 1.75 mm. For convective rain they distinguish
between a maritime-like cluster with Dm between 1.50 and 1.75 mm and a continental-like clus-
ter with Dm between 2.00 and 2.75 mm. These findings clearly indicate that the drop diameter
varies for different rain types and different geographical environments.

2.2.2 Spatial and temporal variability of precipitation

Atmospheric conditions (e.g., moisture, radiation, temperature and wind) as well as land-
sea distribution and orography influence the variability of precipitation beside the internal
physics of precipitation.

Mikolaskova (2009) analyses the distribution of precipitation in Europe with respect to lo-
cation and seasonality. Due to the increasing continentality, precipitation amount decreases
from west to east with having precipitation in all seasons. While for example Northwestern
Europe receives considerable amount of precipitation in winter, Eastern Europe has its max-
imum precipitation in summer. For comparison on the global scale, Southeast Asia receives
more than 3000 mm per year compared to around 1000 mm per year in Europe (Figure 2.6).
The combination of the intertropical convergence zone, monsoon, and typhoons lead to this
high values in Southeast Asia (Chang et al. 2005). For some areas in India 75 to 80 % of the an-
nual rain is measured between June and September, so just within four months (Rakhecha et al.
2009). Thus, it is not only the amount that changes for different areas but also the distribution
over the year.
Investigations also show a large spatio-temporal variability of hail probability. Punge et al.
(2016) give an overview about hail frequency in Europe using different national and regional
analyses. As orography has an impact on the development of hail, areas around the Alps, Pyre-
nees mountains, Apennines, Dinarides and Carpathian mountains have more days with hail
compared to other regions in Europe. In North America, it is central US that has a high fre-
quency of hail events. Results of Macdonald et al. (2016) and Letson et al. (2020b) are in line
with these findings. In perspective of LEE, Macdonald et al. (2016) conclude that the total im-
pact energy of hail in the United Kingdom, having a low hail probability, is below the threshold
for cumulative failure. In contrast, Letson et al. (2020b) find that hail dominates the annual

1See: https://cloudatlas.wmo.int/en/hydrometeors-other-than-clouds-falling.html
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cumulative kinetic energy analysing data in the Great Plains (Central US).
Hence, environmental load for LEE varies on different spatial and temporal scales and detailed
investigations for the area of interest are needed.

Figure 2.6: Grand Average Precipitation Climatology (mm year-1) considering data from June
2000 to May 2019. NASA’s Scientific Visualization Studio (https://svs.gsfc.nasa.gov/
4760)

A short literature review shows that much more is known about spatio-temporal variances
of precipitation onshore than offshore. In recent times the interest of the influence of precipita-
tion over sea on the global hydrological cycle increased, triggered by the increased availability
of precipitation data offshore due to satellite measurements (Klepp et al. 2010).

Tait et al. (1999) analysed precipitation data in the eastern North Atlantic Ocean and the
North Sea using passive microwave satellite data from the time period 1979 to 1996. They find
higher mean annual rainfall over the sea west of Ireland and Scotland and coastal Norway and
lower mean annual amounts over the North Sea (Southern Bight) and the Bay of Biscay due
to land and sea distribution and the prevailing wind direction from west. A high interannual
variability with different characteristic for different areas is also visible in the data. The Trop-
ical Rainfall Measuring Mission (TRMM) from 1997 to 2015 collected rainfall data especially
in the tropics (e.g., Hirose et al. (2017)). The currently running Global Precipitation Measure-
ment (GPM) is an international network of satellites that provide global observations of rain
and snow including DSD (e.g., Le et al. (2014)). To validate satellite measurements, Klepp et
al. (2018) initiated the OceanRain project where disdrometers mounted on research vessels
measure DSD at sea. Bumke et al. (2012) compare DSD measurements over land, coastal ar-
eas, over semiclosed sea and over open sea and found no significant differences in 1-minute
data of these areas. In contrast, Das et al. (2018) find more larger drops for continental rain
compared to maritime rain analysing data from a coastal side in India. Clemens et al. (2001)
compare in situ precipitation measurements and model predictions in Baltic Sea and find for
some observation periods similar seasonal rainfall amounts.
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So far, the majority of in situ precipitation measurements over (open) sea are relying on
sensors installed on vessels. Unfortunately, they do not provide continuous long-term mea-
surement at a specific location. An alternative is using existing infrastructure like offshore
research platforms or transformer stations at offshore wind parks (e.g., FINO12, FINO33, IJ-
muiden (Werkhoven et al. 2012), Horn Rev 3 and Rødsand (Tilg et al. 2019), ORE Catapult Off-
shore Anemometry Hub (Herring et al. 2020)).

2.2.3 Drop-size distribution and related parameters

Each rain event consists of drops with different sizes, described by the DSD. Drop diameters
of drizzle and rain vary between 0.1 and 6 mm, where different publications provide different
values for the maximum diameter. According to Pruppacher et al. (1978) raindrops tend to
break up when reaching a diameter between 6 and 8 mm due to hydrodynamic instability, while
in contrast raindrops up to 10 mm have been observed in connection to tropical clouds (Jones
et al. 2010). This wide range of drop diameters is due to breakup and coalescence of drops
during their fall. According to Testik et al. (2017), also wind speed influences the DSD. They
find increasing numbers of small drops and decreasing numbers of large drops with increasing
wind speed. According to further investigations of the authors, collision-induced breakup of
drops is the driving process, aerodynamic breakup plays only a minor role. This case study
indicates that fewer large drops would impact the blade at higher wind speeds.

The DSD is often defined as number of drops per volume of air and per diameter interval,
also known as drop concentration, and described with the general equation N(D) = n(D)

V dD
where N(D) is in mm-1 m-3, n(D) is the number of drops with diameter D, V the volume in
m3 and dD the diameter interval in mm (Hölzl 2010). A common way to represent the DSD
is by plotting N(D) versus the drop diameter. The typical DSD has a decreasing number of
drops with increasing diameter as shown in Figure 2.7. There are several publications where the
authors describe the DSD with mathematical models (e.g., McFarquhar (2010) and references
herein). Most prominent is the the exponential distribution by Marshall et al. (1948) and the
gamma distribution proposed by Ulbrich et al. (1998). In the mathematical sense the exponen-
tial distribution is a special case of the gamma distribution. Such mathematical descriptions
of DSD might be interesting options for a more realistic LEE modelling in addition to the use of
available measurements.

The precipitation parameter N(D) is the base of so-called moments of precipitation, where
reflectivity (Z ∝ N(D)D6), rain rate (R ∝ N(D)D3vt(D) with vt(D) being the terminal fall
velocity and depending on the drop diameter), and mass-weighted mean diameter (Dm ∝
N(D)D4

N(D)D3 ) are prominent examples.

The number of drops, their size and velocity are measured with disdrometers, where optical
disdrometers are most popular nowadays. By analysing the attenuation of a laser light due to a
falling precipitation particle, the size and velocity properties of the particle can be determined.
In earlier times it was challenging to measure DSDs due to the lack of adequate automatic sen-
sors (Kathiravelu et al. 2016). Therefore, several precipitation parameters were estimated using

2See: https://www.fino1.de/en/news-data/live-data.html
3See: https://www.fino3.de/en/news-data/live-data.html
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Figure 2.7: Randomly chosen 1-minute drop concentrations (N(D)) based on measurements
from a Thies Laser Precipitation Monitor disdrometer in Weybourne (UK) (Council et al. 2019)

rain rate as input, because rain rate is easy to measure.

An example is the estimation of the drop diameter based on rain-rate measurements. Inves-
tigations about rainfall interception (Calder 1999), simulations of wind-driven rain on build-
ings (Kubilay et al. 2013) and in recent times studies about LEE, all use such D-R relationships.
Often the approach of Best (1950) is used to calculate a representative drop diameter for a spe-
cific rain rate. This representative drop diameter describes that 25/50/75% of the water in the
atmosphere is covered by drops with a diameter smaller than this representative drop diam-
eter. Hence, the calculated drop diameter is not based on the DSD but on the water volume
described by the drops. In contrast, Uijlenhoet et al. (1999) present a power-law relationship
between the median-volume diameter (D0) and rain rate based on the theoretical DSD descrip-
tion of Marshall et al. (1948). Both attempts have in common that only one diameter is provided
for a specific rain rate.

As shown by several investigations, it is true that the number of large drops increases with
increasing rain rate (e.g. Uijlenhoet et al. (1999)). However, different DSDs can lead to the same
rain rate (a lot of small drops can have same value as a few large drops), which means that a
representative diameter for a specific rain rate varies. A possible way to consider the underlying
DSD is to calculate Dm, which is the ratio of the fourth to the third moment of the DSD. For
example Jameson (1993) and Ulbrich et al. (1998) use this parameter for describing the DSD
and analysing weather radar properties. As the calculation of this diameter estimation is based
on DSD, such data needs to be available.

With the invention of weather radars, it became important to understand the relation be-
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tween reflectivity measured by the radar and rain rate. While reflectivity is proportional to the
6th moment of the drop diameter, rain rate is proportional to the 3.67th moment of the drop di-
ameter. For the rain rate it is assumed that the terminal velocity is described with the equation
of Atlas et al. (1977) where the fall velocity is proportional to the 0.67th moment of the drop di-
ameter (Seo et al. 2010). Hence, reflectivity is more sensitive to the drop diameter than the rain
rate. As both parameters depend on the drop diameter, weather radars offer also an indirect
measurement of the DSD.

Like for the D0-R relationship of Uijlenhoet et al. (1999), the relationship between reflectiv-
ity and rain rate is usually described with a power law (Z = ARb). The probably most famous
version of the Z-R relationship has been published by Marshall et al. (1955), with an A-value,
or pre-factor, of 200 and a b-value, or exponent, of 1.6. Due to the different dependence of re-
flectivity and rain rate on the drop diameter, various Z-R relationships have been published,
e.g., for different climates (Adirosi et al. 2018) or different rain types (Doelling et al. 1998). By
analysing the A- and b-values of a Z-R relationship it is possible to conclude to a certain degree
on the underlying DSD. High A-values (> 300) indicate the presence of large drops, while small
A-values (< 100) indicate small drops in the underlying DSD (Hachani et al. 2017). According
to Doelling et al. (1998) and Steiner et al. (2000), the b-value depends less on the DSD and both
keep it constant when fitting the Z-R relationship. However, b is not independent of A (Hazen-
berg et al. 2011).
The ability to identify a relationship between the DSD and the Z-R relationship is used for ex-
ample by Hachani et al. (2017). They investigate the dependence of DSD on factors like season,
synoptic weather situation or rainfall type by comparing Z-R relationships of an area in South
France. Such investigations might be interesting for characterising LEE climate as reflectivity
and rain rate are easier available than in situ DSD measurements, e.g., with a disdrometer.

The terminal velocity of a raindrop is its velocity in still air when gravitational force is in
equilibrium with the aerodynamic drag force and the buoyancy force (Jones et al. 2010). Hence,
the terminal fall velocity increases with increasing diameter having a maximal value of around
9 m s-1 for drop diameters around 6 mm.
As the aerodynamic force depends e.g., on air density, the terminal velocity is higher at high el-
evations due to lower air density. Due to the constant collision of raindrops, especially during
intense rain events, and possible existing vertical and horizontal wind, a considerable percent-
age of the raindrops differ from terminal velocity (Montero-Martínez et al. 2009). Compared to
a tip speed of 95 m s-1, a terminal velocity of 9 m s-1 is low, but changes the resulting impact
velocity depending on the position of the blade.

Rainfall kinetic energy (KE), provides information about the available energy for erosion.
In contrast to reflectivity, rain rate or Dm, rainfall kinetic energy (KE = 1

2mv
2) is not only a

function of the drop diameter (describing the mass) but also a function of the fall speed.
Rainfall kinetic energy is important for investigations related to soil erosion where rainfall ki-
netic energy of a raindrop and the rate of associated runoff (rainfall erosivity)4 is often analysed.
Panagos et al. (2015) and Panagos et al. (2017) compile European and global maps showing the
spatial variance of the rainfall erosivity. High values are found for tropic areas (e.g., South Amer-
ica and Southeast Asia) and low values in higher latitudes (e.g., Canada, North Europe).

4See: https://esdac.jrc.ec.europa.eu/themes/rainfall-erosivity-europe
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Like other rainfall properties, rainfall kinetic energy is often parameterised using rain rate
as input. While D-R and Z-R relationships have been fitted usually with a power law, rainfall
kinetic energy-rain rate (KE-R, sometimes KE-I) relationships have also been fitted using linear-
log or exponential empirical equations (Salles et al. 2002). According to Dijk et al. (2002) and
Serio et al. (2019) such standardized equations over- or underestimate rainfall kinetic energy
in certain locations. This is not surprising, as rainfall kinetic energy is proportional to the 5th

moment of the drop diameter and rain rate to the 3.67th moment (Steiner et al. 2000). Hence,
a specific rain rate value can have different rainfall kinetic energy values. Steiner et al. (2000)
point out that using reflectivity as proxy for rainfall kinetic energy is promising as both have a
similar dependence on the drop diameter.

Fox (2004) correctly notes that natural rain does not fall strictly vertical but also has a hori-
zontal component due to the influence of horizontal wind. According to his calculations, over-
all KE increases with increasing (horizontal) wind assuming that all drops have the same hori-
zontal velocity component independent of their size. At a certain point, the horizontal KE com-
ponent dominates over the vertical KE component. The horizontal KE component also has an
influence on the impact angle. It is also worth mentioning that most attempts calculating KE
do not consider horizontal or vertical wind speed components but only terminal fall velocity.
As already mentioned in section 2.1, the impact angle influences the stresses in the material
and hence the LEE. Therefore, it is important to consider horizontal wind speed and turbine
blade position when modeling the drop impact.

2.2.4 Some notes about hail

The precipitation types hail, small hail and ice pellets occur less frequently than rain. Nev-
ertheless, their occurrence can cause severe damage to crops and infrastructure combined with
economic and insured losses (Punge et al. 2016). In contrast to rain, these three precipitation
types with solid particles cover a large range of sizes and shapes. As already mentioned, a hail-
stone is larger than 5 mm, but there is no upper limit. One of the largest known hailstones
had a diameter of around 20 cm (Wang 2013). As hailstones form in updrafts of thunderstorms
by accumulation of super-cooled liquid droplets on a cloud particle, their shape is usually not
spherical but either conical, spheroidal or irregular.
Similar to rain, the hailstone-particle-size distribution provides the number of hailstones in a
diameter interval per volume of air (Grieser et al. 2019). The simplest equation to describe the
change with diameter is again the exponential distribution, although other distributions like
shifted gamma distribution or normal distribution have been suggested (Grieser et al. 2019).
The terminal fall velocity is defined the same way as for raindrops, but because of the non-
spherical shape the drag coefficient is not constant. Hence, there are several parametrisations
to estimate the fall velocity of hailstones (Knight et al. 2019). The calculation of hail properties
that include density, like kinetic energy, include a certain degree of inaccuracy, as density of
hailstones can vary between 0.7 to 0.9 g cm-3 (Wang 2013).

2.2.5 Nowcasting of precipitation

The overview up to now focused on the spatio-temporal variation of different precipitation
characteristics and influencing factors that are relevant for LEE. To mitigate LEE, Bech et al.
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(2018) proposed to reduce tip speed during relevant rain events. Such a tip speed reduction
can happen as a reaction to rain measurements. A disadvantage of this chronology can be that
damage has already happened before the tip speed was reduced. An alternative is to forecast
precipitation and reduce tip speed before the impact of precipitation. Such a proactive ap-
proach is similar to the demand of wind forecasts on the minute scale (Würth et al. 2019). High
temporal resolution of precipitation is needed to keep the curtailment time due to the tip speed
reduction short.

In general, forecasts for the next 0-6 hours with local details and made by any method
are called nowcasts (Wang et al. 2017). Nowcasts of various meteorological parameters (e.g.,
wind, precipitation, radiation) are relevant for different applications (e.g., aviation, road main-
tenance, hydrology, renewable energy) (Wang et al. 2017). Browning et al. (1989) divide the ben-
efits of nowcasting in (i) Saving Life, (ii) Saving Property and (iii) Improving Efficiency of Op-
erations. Weather radars, in particular dual-polarization Doppler radars, play a significant role
in nowcasting wind and precipitation as they provide information with a high spatio-temporal
resolution over large areas. There exist several methods to nowcast precipitation from weather
radar data. They range from simple extrapolation of weather radar images (Browning et al.
1989) to precipitation tracking with different techniques (Ayzel et al. 2019) and the use of sta-
tistical methods like artificial neural networks (Foresti et al. 2019). The computational time
to get a nowcast is a critical factor as on the one hand precipitation can change fast within
short time and on the other hand further decisions are based on these nowcasts. For example
in urban hydrology, high spatio-temporal resolution of the weather radar data and appropri-
ate nowcasting, including numerical weather models, are of high relevance (Thorndahl et al.
2017). Nowcasts including weather radar data for erosion-safe mode might require the same
conditions like urban hydrology.

Trombe et al. (2014) investigate the use of weather radar data for improving forecasts of
offshore wind fluctuations and conclude that such measurements potentially improve wind
power predictability. Hence, weather radar data at offshore sites could be beneficial for now-
casting precipitation and wind conditions. Investigations from Hasager et al. (2020) show that
not only precipitation but the combination of precipitation and wind conditions are relevant
for LEE development.
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3 | Thesis objectives and research questions

With the awareness of the crucial role of precipitation for LEE, this PhD project focuses on
the analyses of precipitation measurements in Northern Europe and investigates the sensitivity
of erosion models on precipitation data. Furthermore it presents the development of a novel
nowcast concept for the erosion-safe mode.

3.1 Objective 1

The first objective of this PhD project is to understand the precipitation variability that leads
to LEE and in particular to describe the influence of different atmospheric parameters on rain-
fall kinetic energy. The project work is divided into two studies.

Study 1 focuses on rainfall kinetic energy and following related questions to understand
better the variability of rainfall kinetic energy:

• Is there a seasonal variation of the rainfall kinetic energy? If yes, is this variability influ-
enced by the DSD?

• Is there a specific drop diameter that provides more rainfall kinetic energy than others?

• What wind-speed and rain-rate conditions lead to high rainfall kinetic energy?

• Is rainfall kinetic energy lower during high wind speeds, because of smaller drop sizes as
reported by Testik et al. (2017)?

• Are existing parametrisations to estimate rainfall kinetic energy from rain rate satisfying?

These questions were investigated using DSD data from Voulund (Denmark). The results are
published in the Journal of Hydrometeorology (Tilg et al. (2020b), see Appendix A.1).

Study 2 focuses on the spatial variation of different precipitation parameters and their de-
pendence on weather types. The spatial variation of precipitation is of interest for site assess-
ments of wind farms. The central questions are:

• Is there a dependence of the Z-R relationship, precipitation type, rain amount and rainfall
kinetic energy on geographical location and weather type?

• What is the occurence frequency of different precipitation types?

Results using DSD data from coastal stations at the North Sea and Baltic Sea are presented in a
manuscript submitted to Meteorologische Zeitschrift (see Appendix A.2).
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3.2 Objective 2

The second objective of this PhD project is the assessment of the sensitivity of LEE and
related blade lifetime on different precipitation input. For wind-turbine manufacturers and
wind-farm operators the blade lifetime is of central interest. Therefore, in study 3 the focus is
on the following questions:

• How much does the estimated lifetime of turbine blades vary when using two different
drop-size parameterisations?

• How much does the estimated lifetime of turbine blades vary for lower or higher rainfall
amounts?

DSD data from the coastal stations Weybourne (United Kingdom) and rain rate data from Hvide
Sande (Denmark) are used for study 3. The preliminary manuscript is presented in Appendix
A.3.

3.3 Objective 3

The third objective of this PhD project addresses the challenge of mitigation strategies to
limit LEE considering the effect of precipitation. The project work is divided into two parts.

The first part deals with the effect of an erosion-safe mode, i.e., reduction of turbine tip
speed during specific events to reduce LEE. The following question is raised:

• How much is blade lifetime extended, if an erosion-safe mode is applied depending on
drop-size parameterisation and rainfall amount?

The data used are the same as for study 3. The results are presented as part of study 3 in the
preliminary manuscript in Appendix A.3.

The second part focuses on the use of precipitation measurements and forecasts for turbine
control with the erosion-safe mode. A successful use of the erosion-safe mode is linked to a
tailored precipitation forecast considering the challenges of the remote location of offshore
wind farms. In this relation the following questions are relevant and describe the aim of study
4:

• Is it theoretically possible to nowcast precipitation a few minutes before it impacts the
turbine blades?

• Is there an appropriate sensor that can measure precipitation shortly before the impact
on the turbine blade?

The novel concept is published in Wind Energy Science (Tilg et al. (2020a), see Appendix A.4).
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3.4 Handling of thesis objectives

The used data is presented in chapter 4 and includes a description of the disdrometers,
the quality control of disdrometer data and details about station locations and data sources.
In chapter 5 the equations of the calculated precipitation parameters are listed as well as de-
scriptions of the applied weather type classification and the LEE model used for calculating
the blade lifetime. The contributions of the four studies are summarized in chapter 6. The PhD
thesis finishes with a conclusion in chapter 7 and provides an outlook for further research in
chapter 8.
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4 | Data

The research questions raised in chapter 3 requested detailed knowledge of precipitation,
i.e., measurements of size and velocity of precipitation particles. Such detailed measurements
are possible with disdrometers, but quality control is necessary (Section 4.1). Precipitation and
other meteorological measurements from different countries were used in this PhD project
(Section 4.2).

4.1 Disdrometer measurements and quality control

4.1.1 Disdrometers

Drop diameter and drop velocity data used in this PhD project were measured with laser-
optical disdrometers manufactured by OTT (Parsivel2) and Thies (Laser Precipitation Monitor
(LPM)). There exist also other sensors that are capable of measuring drop diameter and velocity,
e.g., two-dimensional video disdrometer (2DVD, e.g., Kruger et al. (2002)), but such data was
not used.

The design of the disdrometers Parsivel2 and LPM is quite similar (Figure 4.1). Both in-
struments have a transmitter head, which emits a horizontal laser-light plane, and a receiver
head, which detects the emitted laser light. Their measurement principle is also the same: In
case a precipitation particle falls through the laser light, it is attenuated with a specific mag-
nitude for a specific time. The magnitude of the attenuation is a function of the diameter and
the attenuation duration is a function of the fall velocity. The algorithms to determine the drop
diameter and velocity from the laser attenuation are confidential. However, the measured drop
is allocated to a specific diameter (i) and velocity (j) class. In the end, the output of both dis-
drometers contains the number of particles measured within the specific diameter and velocity
classes usually with a temporal resolution of 1 minute. Different precipitation types can be dis-
tinguished by their size-velocity behaviour, as for example raindrops are usually smaller but
faster than snowflakes. This characteristic is used to classify the present weather, including
the precipitation type, by the disdrometers. The disdrometers output this parameter as surface
synoptic observation (SYNOP) code (Lanzinger et al. 2006). Raindrops larger than 1 mm differ
from a sphere and are more oblate on the bottom. Hence, the drop diameter is given as the
equi-volume sphere diameter (Angulo-Martínez et al. 2018).

There are some differences in the technical details between the disdrometers Parsivel2 and
LPM. Table 4.1 gives an overview. For both sensors the diameter and velocity class width gener-
ally increase with increasing drop diameter and velocity. In relation to Parsivel2 it is important
to mention that the two first diameter classes are outside the measurement range of the sensor.



Data

Figure 4.1: Thies Laser Precipitation Monitor (LPM) in the front of the photo, OTT Parsivel2 in
the back of the photo at DTU Risø campus. Photographer: Anna-Maria Tilg

Some studies analyse the uncertainty of the LPM (e.g., Frasson et al. (2011), Angulo-Martínez
et al. (2016)) and Parsivel2 (e.g., Raupach et al. (2015), Park et al. (2017)). Some studies compare
the output of both (e.g., Angulo-Martínez et al. (2018), Johannsen et al. (2020)). For example,
Angulo-Martínez et al. (2018) conclude that the LPM measures more precipitation particles
compared to the Parsivel2, especially more small ones. Park et al. (2017) mention that Parsivel2

overestimates the number of large drops and underestimates small drops. This difference in-
fluences calculating moments of precipitation (Jaffrain et al. 2011). Biases can be caused by

• drops that fall at the edge of the laser beam, causing a wrong size-velocity combination

• two (or multiple) drops that fall exactly at the same time through the laser-light plane,
causing an overestimation of the diameter

• drops that have a non-vertical fall trajectory through the laser-light plane

4.1.2 Quality control

To reduce biases, quality control of disdrometer data is essential. However, biases are not
only caused by drops that fall not as expected through the laser-light plane but also by

• drops that result from splashing at the disdrometer housing

• non-precipitation particles registered by the laser (e.g., insects)
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OTT Parsivel2 Thies LPM
Wavelength laser [nm] 650 786
Size laser-light plane [mm2] 5400 4560
No. diameter classes 32 22
Mean value of min/max diameter class [mm] 0.062/24.500 0.1875/≥ 8
No. velocity classes 32 20
Mean value of min/max velocity class [m s-1] 0.050/20.800 0.100/15.000

Table 4.1: Selected technical details of the disdrometers OTT Parsivel2 and Thies Laser Precip-
itation Monitor (LPM)

• spiderwebs in the measurement area

• debris on protection windows of laser transmitter and receiver

• vibrations

It is not known to which extent internal algorithms filter out suspicious data. Nevertheless,
all disdrometer data used in this PhD project were quality controlled additionally. The quality
control of the data was twofold: (i) using output values of the disdrometer (internal data) and
(ii) using other measurements (external data). In study 1 precipitation data from rain gauges
were used to verify precipitation events recorded with the disdrometers. In study 2 and 3 exter-
nal temperature and humidity data were used to verify the SYNOP code.

The disdrometer output provides beside SYNOP code and size-velocity data also informa-
tion about the sensor status (Parsivel2) or measurement quality (LPM), total number of regis-
tered particles, rain rate and rainfall amount. These parameters were analysed to find measure-
ments that should be disregarded. For example, in case the sensor status or measurement qual-
ity indicated a bad measurement or the rain rate was below 0.01 mm h-1 or above 500 mm h-1,
the measurement was excluded. Conditions for quality control were found in publications (e.g.,
Friedrich et al. (2013)), Tokay et al. (2010) or Ghada et al. (2018)) and as part of recommenda-
tions in the disdrometer manuals.

In case of Parsivel2, the laser amplitude is also provided in the output. According to OTT
only measurements with an amplitude above 12000 are reliable. Figure 4.2 shows the histogram
of the laser amplitude measured with the Parsivel2 at the station Voulund (inland station) and
the station Hvide Sande (coastal station) in 2018. A clear contrast between these two stations
is visible, with more values below the threshold in Hvide Sande than in Voulund. An analy-
sis showed that all coastal and offshore stations equipped with a Parsivel2 had a considerable
amount of measurements with a laser amplitude below 12000. As a consequence data from
these stations were not considered.

For study 2 (chapter 3.1) it was necessary to do a quality control of the SYNOP code, which
describes the precipitation type. A comparison of the SYNOP code descriptions in the manuals
of Parsivel2 and LPM showed that they use different intensity thresholds and in case of Parsivel2

the SYNOP codes do not follow strictly the WMO SYNOP code description. Therefore, the dif-
ferent defined SYNOP codes of both instruments were combined in five precipitation groups,
namely: rain/drizzle, mix rain/snow (sleet), snow, ice and hail. This reorganisation made data
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Figure 4.2: Distribution of laser amplitude registered by the Parsivel2 in (top) Hvide Sande and
(bottom) Voulund in 2018. The critical value of 12000 is marked with a red line.

comparable between the two sensors. As for example snow was registered in summer, the clas-
sification of the precipitation groups was checked as well. For rain, sleet and snow the 3P2D
method of Burdanowitz et al. (2016) was used. This method calculates the probability of rain,
sleet and snow based on air temperature, relative humidity and diameter data from the dis-
drometer. For example, in case the probability of rain was higher than for snow, but snow was
registered, the measurement was reclassified to rain. As the occurrence of ice and hail can be
harmful for the leading edges of the turbine blades, the precipitation groups ice and hail were
checked as well. Simple quality control algorithms like for rain and snow do not exist. There-

24



Data

fore, ice and hail were reclassified to snow in case the probability for snow was highest. Hence,
remaining ice and hail measurements were more likely to be such. However, one has to keep in
mind that the disdrometers store only the highest SYNOP code (Merenti-Välimäki et al. 2001).
For example, if rain and snow fall at the same time, there is a specific SYNOP code. In contrast,
for the simultaneous occurrence of ice and rain or hail and rain there is no specific SYNOP code.
In case rain and ice or hail occur at the same time the disdrometer outputs the SYNOP code of
ice (e.g. 75 for ice pellets, moderate intensity) or hail (89) as they have a higher SYNOP number
than rain (e.g. 62 for rain, not freezing, moderate)1.

The quality-control arguments introduced above, check the measurement quality and plau-
sibility as a whole, but do not investigate the plausibility of specific precipitation particles. To
do so, one can disregard particles that have a much higher or lower fall velocity than the termi-
nal fall velocity and an unrealistic size (e.g., Friedrich et al. (2013)). In case of the precipitation
group rain and drizzle, drops with a diameter larger than 8 mm and a fall velocity above or be-
low 60% of the terminal fall velocity (Atlas et al. 1977) were disregarded. Other precipitation
groups were not checked as they were not used for further analyses (e.g., calculating rainfall
kinetic energy).

4.2 Data acquisition

Disdrometer and other meteorological measurements were available from 13 stations in
Denmark, Germany and United Kingdom. The map in Figure 4.3 shows the geographical lo-
cation of these stations. Measurements in Denmark were carried out in relation to the HOBE
project2 and the EROSION project and in the United Kingdom related to the DiVeN project3. In
contrast, measurements from Germany are part of a disdrometer network operated by Deutscher
Wetterdienst (DWD).

Table 4.2 gives an overview about the available meteorological parameters of each station.
Most of the stations measured beside disdrometer measurements also precipitation with rain
gauges, temperature, relative humidity, wind speed and wind direction. More details about the
available disdrometer measurements is provided in Table 4.3. Note that the disdrometer type at
station Voulund changed beginning of 2018 from a Thies LPM to an OTT Parsivel2. At about half
of the stations a Thies LPM was installed, while at the other half of the stations a OTT Parsivel2

was installed. The durations of the time series spanned from 6 years (Voulund, Thies LPM) to
1 year (Horns Rev 3, OTT Parsivel2).

Data from the station Weybourne were available via the Natural Environment Research
Council’s Data Repository for Atmospheric Science and Earth Observation, short CEDA4 (Coun-
cil et al. 2019), while disdrometer data of the remaining stations were available only on request.
For German stations precipitation from rain gauges, temperature, relative humidity and wind
were available via the Open Data Server5 of the DWD. In case of the Danish stations these data

1See: https://www.wmo.int/pages/prog/www/WMOCodes/WMO306_vI1/Publications/2017update/Sel9.
pdf

2See: http://www.hobecenter.dk/
3See: https://sci.ncas.ac.uk/diven/pages/about
4See: http://archive.ceda.ac.uk/
5See: https://opendata.dwd.de/
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Figure 4.3: Map of stations with available disdrometer data.

were available only on request. Temperature, relative humidity and wind measured at station
Weybourne were available also via CEDA (Bandy 2002).

Disdrometer data from the five stations Bremerhaven, Horns Rev 3, Hvide Sande, Rødsand
and Thyborøn were not considered for further analyses as they had a high percentage of gaps
(> 20%) and/or a high percentage of disregarded values due to the quality control.

Data from rain gauges was used in two different ways. In study 1 disdrometer data and
rain gauge data were compared in the quality control to identify times where both of them
measured precipitation. In study 3 rain gauge data from Hvide Sande between January 2002
and December 2017 was used to determine the blade lifetime.
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Station Country P (disdrometer) P (rain gauge) T R.H. WS WD
Arkona Germany X X X X X X
Bremerhaven Germany X X X X X X
Fehmarn Germany X X X X X X
Helgoland Germany X X X X X X
Horns Rev 3 Denmark X
Hvide Sande Germany X X X X X X
Marnitz Germany X X X X X X
Norderney Germany X X X X X X
Risø Denmark X X X X X
Rødsand Denmark X X X X
Thyborøn Denmark X X X X X X
Voulund Denmark X X X X X X
Weybourne United Kingdom X X X X X

Table 4.2: List of stations and available meteorological parameters (P = precipitation, T = air
temperature, R.H. = relative humidity, WS = wind speed, WD = wind direction)

Station Country Location Provider Disdrometer type From To
Arkona Germany Coast DWD Thies LPM 2015-01-01 2018-12-31
Bremerhaven Germany Coast DWD Thies LPM 2015-01-01 2018-12-31
Fehmarn Germany Coast DWD Thies LPM 2015-01-01 2018-12-31
Helgoland Germany Coast/Island DWD Thies LPM 2015-01-01 2018-12-31
Horns Rev 3 Denmark Wind farm DTU /

Vattenfall
OTT Parsivel2 2019-02-13 2020-02-04

Hvide Sande Denmark Coast DMI OTT Parsivel2 2018-04-12 2019-10-01
Marnitz Germany Inland DWD Thies LPM 2015-01-01 2018-12-31
Norderney Germany Coast/Island DWD Thies LPM 2015-01-01 2018-12-31
Risø Denmark Coast DTU OTT Parsivel2 2018-03-22 2020-05-31
Rødsand Denmark Wind farm DTU /

RWE
OTT Parsivel2 2018-12-11 2020-03-19

Thyborøn Denmark Coast DMI OTT Parsivel2 2018-05-04 2019-10-01
Voulund Denmark Inland DMI Thies LPM 2012-02-09 2018-02-27
Voulund Denmark Inland DMI OTT Parsivel2 2018-01-31 2019-10-01
Weybourne United

Kingdom
Coast CEDA Thies LPM 2017-02-10 2019-09-30

Table 4.3: List of stations including location, data provider, disdrometer type and length of dis-
drometer time series
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5 | Methodology

The detailed precipitation measurements described in chapter 4 were used to investigate
the three thesis objectives presented in chapter 3. Based on the size and fall velocity measure-
ments of precipitation particles, several other precipitation parameters were calculated (Sec-
tion 5.1). The used weather-type classification is explained in Section 5.2. The influence of
varying precipitation conditions and an erosion-safe mode on LEE was investigated doing cal-
culations with an available LEE model (Section 5.3). All analyses were done using the program-
ming language R (R Core Team 2020).

5.1 Precipitation parameters

Based on particle diameter and particle fall velocity it is possible to calculate several pre-
cipitation related parameters like rain rate or reflectivity.

The drop-size distribution (DSD) is the distribution of drops depending on the diameter
and is often described with the drop concentration in a volume of air per diameter (N(D) in
m−3 mm−1). Following for example Chen et al. (2016) it is calculated with following equation

N(Di) =
∑
j

nij
A∆t vj ∆Di

(5.1)

where the index i describes the diameter class and index j the fall velocity class (see section
4.1.1 for details). The quantity nij describes the number of drops measured within a specific
diameter class i and a specific velocity class j, A is the measurement area of the disdrometer
(m2) in this equation, ∆t is the time interval of the observation (s), vj is the mean fall velocity
in the velocity class j and ∆Di is the width of the diameter class i. This equation is tailored for
the use of disdrometer data.

Additionally, the parameter N(Di) has often been estimated with different statistical dis-
tributions. In study 1 the gamma distribution, described by Ulbrich et al. (1998), was used. It is
defined as

N(Di) = N0 D
µ
i e
−λ Di (5.2)

where the shape factor µ of the curve, the intercept N0 (m−3 mm−1) and the slope λ (mm−1)
can be estimated for example by applying the method of moments of N(Di) (Ulbrich et al.
1998).

The moments of N(Di) (or DSD) are nothing else than the integral over the nth moment
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of the drop diameter (Ulbrich et al. 1998; Hölzl 2010)

mn =
∫ ∞
D0

N(D)Dn dD (5.3)

The parameters liquid-water content (LWC in g m−3), rain rate (R inmmh−1) and reflectivity
(Z in mm6 mm−3) are such moments of the DSD and are defined as follows based on for
example Hagen et al. (2003) and Seo et al. (2010)

LWC = ρ π

6

∫ ∞
D0

N(D)D3 dD (5.4)

R = 6 π
104

∫ ∞
D0

N(D)D3 v(D) dD (5.5)

Z =
∫ ∞
D0

N(D)D6 dD (5.6)

where ρ is the density of water (kg m−3) and v(D) the fall velocity of the drop, which is a func-
tion of the drop diameter.

The mass-weighted mean diameter (Dm inmm) is not a moment in the classical sense, but
the ratio of the 4th to the 3rd moment (Ulbrich et al. 1998)

Dm =
∫∞
D0

N(D)D4 dD∫∞
D0

N(D)D3 dD
(5.7)

Rainfall amount (mm) considers the number of drops per area and hence was calculated
with the following equation

AMT = π

6A
∑
i

D3
i (

∑
j

nij) (5.8)

where the quantitiesA,Di and nij can be measured with a disdrometer (see equation 5.1).

Rainfall kinetic energy is calculated per area (KE in J m−2) following the equation from
Petrů et al. (2018)

KE = ρ π

12A
∑
i

∑
j

nij D
3
i v

2
j (5.9)

To get the rainfall kinetic energy rate (KER in J m−2 h−1),KE is divided by the time interval
of the observation

KER = KE

∆t (5.10)

where ∆t is the time interval in hours. I newly developed the equation calculating the drop-size
dependent rainfall kinetic energy (KE(D) in J m−2 mm−1) which has the form

KE(Di) = ρ π

12A
∑
j

nij D
3
i v

2
j

∆Di
(5.11)
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It was developed to describe the influence ofD onKE similar to equation 5.1, which describes
the diameter dependence of the drop concentration.

Within the frame of this PhD study, all above mentioned precipitation parameters were cal-
culated using quality-controlled disdrometer measurements. The velocity registered by the dis-
drometer was used as fall velocity. Afterwards, the variability of the precipitation parameters
in time and/or space was analysed or they were related to each other. For example as Z and
R are connected via N(D), it is obvious to relate one to the other. This connection has been
interesting since weather radars exists, which measure only Z. There are several studies , e.g.,
Uijlenhoet (2001), attesting that this relation can be described with a power law

Z = ARb (5.12)

with A being the prefactor and b being the exponent. In case that disdrometer measurements
are used to calculate Z and R, the fitted the A- and b-values depend on the disdrometer type
(e.g., Adirosi et al. (2018)) and the applied fitting method (e.g., Hazenberg et al. (2011)). In
study 2 a nonlinear regression betweenZ andRwas assumed withZ as independent andR as
dependent variable. As Z is more sensitive to the drop diameter than R, the values of A and b
allow some conclusions on the underlying DSD, i.e., whether a lot of large or small drops are
present. In study 2, this characteristic was used as proxy forDSD to investigate possibleDSD
differences between stations and weather types.

The relationship between KE and R has been subject of many studies (e.g., Serio et al.
(2019)). As both parameters depend on the drop diameter, similar to theZ −R relationship, it
makes sense to relate them. Several different forms for the KER − R relationship have been
proposed, like power law (Salles et al. 2002) but also exponential (Angulo-Martínez et al. 2016)
and logarithmic functions (Dijk et al. 2002). For these different types residual analyses were car-
ried out. To fulfil the assumptions about the behaviour of residuals, in study 1 multiple-linear
regression equations for three different rain-rate classes were fitted. The forward-stepwise train-
ing included the transformation ofKER to achieve homoscedasticity of the residuals.

In contrast to theZ−R relationship, in theKER−R relationship,Rwas used as proxy for
the drop diameter. As mentioned in section 2.2 detailed drop-size measurements were rare in
earlier times. Therefore, relationships betweenD andR have also been published. Frequently
used for LEE modelling is the one described in Best (1950)

D50 = 1.10R0.232 (5.13)

whereD50 is a drop-diameter threshold. Drops smaller than that threshold accumulate 50% of
the water in the atmosphere. In study 3,Dm andD50 were compared and used as input for the
calculation of blade lifetime considering erosion of the leading edges.

5.2 Weather type classification

It is known that atmospheric conditions have an influence on the precipitation formation
(Stull 2000). A way to classify different atmospheric conditions are weather types. Bissolli et al.
(2001) provide an objective weather type (WT) classification for Germany. Based on values of
the 12 UTC analysis of the operational weather analysis and forecasting system of the DWD, the
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Weather type AD C950 C500 H Description
SWAAW SW A A W Advection from southwest, the cyclonality

in 950 hPa and 500 hPa is anticyclonic and
a wet atmosphere.

NWAAW NW A A W Advection from northwest, the cyclonality
in 950 hPa and 500 hPa is anticyclonic and
a wet atmosphere.

NWACD NW A C D Advection from northwest, the cyclonality
in 950 hPa is anticyclonic, in 500 hPa cy-
clonic and a dry atmosphere.

SWCAW SW C A W Advection from southwest, the cyclonality
in 950 hPa is cyclonic, in 500 hPa anticy-
clonic and a wet atmosphere.

Table 5.1: Detailed descriptions of frequent weather types observed in the investigation area
(AD = Advection direction, C950 = Cyclonality in 950 hPa, C500 = Cyclonality in 500 hPa, H =
humidity index).

weather type of a specific day is defined. As the description of the WT classification mentions
that it is also valid for neighbouring areas, it is acceptable to use this weather type classification
for all stations used in study 2.

The WTs of Bissolli et al. (2001) are described with five letters:

• Letter 1 & 2: Advection direction (wind direction) in 700 hPa with five options: NE (north-
east), SE (southeast), SW (southwest), NW (northwest) and XX (no prevailing wind direc-
tion; more than one third of the grid points have wind from different directions)

• Letter 3: Cyclonality in 950 hPa with two options: A (anticyclonic; clockwise direction), C
(cyclonic; anti-clockwise direction)

• Letter 4: Cyclonality in 500 hPa with the same two options as letter 3 (A and C)

• Letter 5: Humidity index that describes the the precipitable water above or below the
mean of 1979 to 1996. There are two options: W (wet), D (dry)

In total, there are 40 different WTs. Due to the dominant westerlies in Europe, WTs related
to west are most prominent, like for example SWAAW, NWAAW, NWACD, SWCAW. Table 5.1
provides a detailed explanation of these weather types.

The time series of the classified WTs for each day since July 1979 is available on the website
of the DWD1.

1See: https://www.dwd.de/DE/leistungen/wetterlagenklassifikation/online_wlkdaten.txt;
jsessionid=6BFB81D070111B03321F6458990C5239.live11053?view=nasPublication&nn=16102
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Methodology

5.3 Leading-edge erosion model and erosion-safe mode

For calculating the erosion damage on the leading edges and the related lifetime, the kinetic
energy model described by Bech et al. (2018) was used. In this case, erosion is modelled as
function of the kinetic energy of the drops. In other words, large and fast drops cause more
erosion than small and slow drops.

The mass in the equation of the kinetic energy depends on the drop diameter. In contrast,
the impact velocity is a function of the tip speed and the terminal fall velocity of the drops,
where the tip speed depends on the wind speed and the wind turbine type. For study 3 the
available wind speed measurements at the ground were extrapolated with a power law to the
hub height. All turbine-related calculations were based on the specifications of the IAE 15 MW
reference turbine (Gaertner et al. 2020).

Based on experiments in a rain erosion tester, an empirical equation between kinetic energy
impact and damage is given. Considering the impact history based on a precipitation time
series, it is possible to calculate the accumulated damage and the expected lifetime. Lifetime
in this context is a subjective term and means that first signs of erosion are visible, but no repair
is needed. Considering the classification of Elhadi Ibrahim et al. (2019) it is somewhere in the
acceleration period, i.e., after the incubation period of erosion.

Bech et al. (2018), Hasager et al. (2020), and Skrzypiński et al. (2020) describe the concept of
the erosion-safe mode (ESM). The ESM is nothing else than the reduction of the rotations per
minute (RPM) and the related tip speed during specific precipitation events. In the short-term
view the energy production is curtailed, but at the same time the growth of LEE is reduced. In
the long-term view LEE develops only slowly and negative consequences of LEE, like AEP loss
or repairs including downtime, occur much later in the lifetime of the blade.

To maximise the long-term profit, optimal threshold values of rain rate and tip speed are
needed, i.e., when is the tip speed reduced to which value. In study 3 a cost model considering
energy production, repair costs and downtime due to repair was used to find these optimal
threshold values and maximise the profit on a long-term view. Further necassary input was the
power curve of the 15 MW reference turbine (clean and eroded), the RPM schedule and the
time series of precipitation and wind speed.
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This chapter summarizes the main findings and consequences for leading-edge erosion
research with respect to the defined thesis objectives and raised research questions. The sum-
mary is based on four scientific manuscripts in which the results are described and discussed
in more detail (see manuscripts in the Appendix: A.1, A.2, A.3 and A.4). Figure 6.1 shows graph-
ically the interaction of the three main thesis objectives.

Figure 6.1: Graphical overview of the interaction of the three main thesis objectives.
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6.1 Precipitation variability and influences on rainfall kinetic en-
ergy

Understanding the causes of problems are necessary to provide a solution to problems. In
terms of LEE the problem is that coatings erode after some time while the cause is the exposure
to the environment. Hence, investigating the environmental conditions in detail is essential
to understand better the causes of the degradation of the leading edges. One important factor
for LEE is precipitation and the related KE, which potentially provides the initial energy for
the erosion process. Hence, and as defined in the first thesis objective, the spatio-temporal
variability of precipitation related parameters was studied.

A comparison of precipitation measurements at eight stations, located at the coast or close
to the coast of the North Sea and Baltic Sea, showed that at all stations precipitation fell in form
of rain or drizzle in more than 90% of the time. The second-most frequent precipitation type
was snow with a fraction between 2.45% and 8.57%. The third-most frequent precipitation type
was a mix of rain and snow (sleet). The fraction of ice particles, e.g., ice pellets, varied a lot from
station to station. While station Weybourne had a high fraction with 1.29%, it was very low at
station Fehmarn with 0.26%. Hail was rare with a fraction between 0.11% and 0.03%. Macdon-
ald et al. (2016) and Letson et al. (2020a) show that solid particles like ice and hail can cause
large damage on the leading edges and hence, it is of high interest to know how often ice and
hail particles occur. However, disdrometer measurements of ice and hail must be taken with
caution. Ice and hail are related to local events and this circumstance decreases the probability
that they are recorded exactly by the small measurement area of the disdrometer. A reliable
quality control with weather radar data or reports from human observers is necessary to filter
out false values.

To summarize, rain was the most observed precipitation type in the investigation area.
Therefore, it can be assumed that most KE for LEE is provided by raindrops in this area.

Mean annual rainfall amount and KE, considering only rain and drizzle, were calculated for
the eight stations around the North Sea and Baltic Sea (Table 6.1). These values gave some indi-
cation about the spatial variation and showed that higher annual values were measured in the
eastern part of the North Sea compared to the western part of the North Sea and Baltic Sea. The
station Risø with its low annual values did not fit into this pattern. As the station Risø was sur-
rounded by obstacles (mainly trees) within short distance, it might have been shadowed from
precipitation and hence was not comparable with the other stations. The spatial distribution
of the rainfall amount is in agreement with earlier studies (e.g., Tait et al. (1999)), but it was the
first time that the KE was analyzed in this area and disdrometer measurements were used as
input.

The relation between mean rainfall amount and KE was not linear. Although Weybourne
and Fehmarn had similar annual rainfall amounts, the annual KE was higher in Weybourne
than in Fehmarn. This is shown in the third column in Table 6.1. As KE also considers the fall
velocity of the drops, which is a function of the drop diameter , it is more sensitive to the under-
lying DSD than the rainfall amount. Hence, it is important to know more about the underlying
DSD to estimate KE.
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Station Rainfall amount [mm] Rainfall kinetic energy [J m-2] Ratio
Arkona 510 6034 11.83

Fehmarn 546 6621 12.13
Helgoland 724 9298 12.84

Marnitz 533 6624 12.43
Norderney 703 8533 12.14

Risø 367 3610 9.84
Voulund 778 10116 13.00

Weybourne 542 7519 13.87

Table 6.1: Mean annual rainfall amount, rainfall kinetic energy and their ratio for eight stations
at the coast or close to the coast of the North Sea and Baltic Sea.

Based on six years of disdrometer measurements in Voulund, the dependence of the cumu-
lative KE on the drop diameter (D) was analysed in detail. So far only little research has been
done on this aspect. Analysing the cumulative KE(D), it was found that it peaked for drops with
a diameter between 0.875 and 2.250 mm independent of season and year (Figure 6.2). More
than 60% of the cumulative KE(D) was provided by drops within this drop-diameter range.
Smaller drops contributed probably less because of their lower mass and larger drops because
of their lower incidence. In other words, frequent small drops (< 0.875 mm) and rare large drops
(> 2.250 mm) do not dominate cumulative KE, but drops with a diameter in between.

Figure 6.2 also shows that the absolute values of KE(D) varied between season and be-
tween years. Summer, covering the months June to August, and autumn, covering the months
September to November, had higher values and less inter-annual variations compared to the
other half year. The higher values in summer were explained by a higher N(D), while the higher
values in autumn were explained by more measurements with rain (i.e., more rain events oc-
curred).

This result underlines that frequency of rain events and N(D) play an important role for the
cumulative value of KE. Higher cumulative KE in summer and autumn would suggest a higher
risk of LEE in these seasons.

However, drop-diameter measurements are not always available to calculate directly KE or
KE(D). Hence, parametrisations of KE and D using R as input variable have been developed, as
R is easier to measure. One example is the relationship between KER and R. An analysis showed
that empirical equations describing the connection between KER and R did not fulfill assump-
tions about the residual distribution. In the frame of this PhD project a parameterisation of
KER based on R was successfully developed fulfilling the requirements of the residual distribu-
tion like homoscedasticity. This result was achieved by describing the KER-R relationship with
a multiple regression for different rain-rate classes neglecting classical forms mentioned in the
literature.

For LEE these empirical equations between KER and R are not directly applicable, because
for the calculation of KER fall velocities in the range of the terminal fall velocity were assumed.
The speeds considered in the kinetic energy calculation for LEE are much higher as they are a
function of the blade tip speed. However, using these KER-R relationships the erosion risk at
specific geographical locations could be estimated if only rain rate is available.
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Figure 6.2: Cumulative rainfall kinetic energy per drop diameter (KE(D)) for different seasons
and years in Voulund (Denmark). The orange line describes the KE(D) based on the mean sea-
sonal number of drops, the mean number of 10-minute intervals with rain and the terminal
velocity described by Atlas et al. (1973). The number of analyzed 10-minute intervals is given
in brackets for each year separately. Reproduced from Tilg et al. (2020b). © American Meteo-
rological Society. Used with permission.

Another way to calculate KE is by estimating D from R. For LEE modelling mostly D50 based
on an empirical relationship (equation 5.13) proposed by Best (1950) has been used. To study
the ability of D50 to represent the underlying DSD, the two drop-diameter parameterisations
D50, based on R measurements, and the mass-weighted mean diameter (Dm), based on DSD
measurements were compared using disdrometer data from Weybourne. The comparisons
showed a wide range of Dm values (Figure 6.3). D50 did not represent Dm values well, especially
not at low R values. That means having only one drop diameter for a specific R is not represent-
ing the true variability of the actual DSD. Although Dm is also only an estimation based on the
underlying DSD, it represented the varying DSD for similar R values much better.

Using D50 may bias KE, depending on the true DSD. For LEE modelling this result would
provide inaccurate results for erosion.

An alternative approach to describe the DSD is the analysis of the A- and b-value of the Z-R
relationship. It was tested if these values are capable to describe differences in the DSD from
different geographical locations and weather types. The coloured points in Figure 6.4 repre-
sent the pairs of A- and b-values for the eight stations around the North Sea and Baltic Sea
considering all 1-minute rain measurements of the disdrometers. It was the first time that Z-
R relationships were compared across national borders in this area and used to compare the
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Figure 6.3: The black line represents the drop diameter as function of rain rate using D50 of Best
(1950). The color-coded boxes represent the number of measurements with a specific rain rate
and mass-weighted mean diameter (Dm). The resolution of these boxes is 1 mm h-1 for rain
rate and 0.25 mm for the diameter. The values are based on disdrometer data measured in
Weybourne (United Kingdom).

DSD of the these stations. All stations had an A-value around 200 and a b-value around 1.80.
Being precise, Weybourne had a slightly higher and Marnitz a slightly lower A-value than the
other stations. This indicates that more larger drops (higher A-value) or smaller drops (smaller
A-value) were registered. Larger drops have a higher fall velocity and therefore led to the higher
KE in Weybourne compared to Fehmarn (Table 6.1). Almost equal A- and b-values of the re-
maining stations indicate similar concentrations of small and large drops at these geographical
locations.

The A- and b-values represented by the points in Figure 6.4 gave a generic overview, but
it is known that atmospheric conditions influence the formation of rain and hence the DSD.
To investigate this influence and possible consequences for LEE, the rain data were classified
into 40 weather types (WTs) based on Bissolli et al. (2001) and a Z-R relationship was fitted for
each of these WTs. The WT variability of the Z-R coefficients is indicated by the horizontal and
vertical bars in Figure 6.4, where most stations had a similar spread of the A- and b-values. For
the most frequent WTs, namely SWAAW, NWAAW, NWACD, SWCAW and SWCCW and SWACD1,
the variability of the A- and b-values between stations was small. See chapter 5.2 for a detailed
description of the WTs. However, the mentioned WTs with an advection from northwest (NW)
had A-values slightly below 200. In contrast, the mentioned WTs with an advection from south-
west (SW) had A-values slightly above 200. This small difference was reflected in WT-dependent

1The first two letters describe the advection direction, the third and fourth letter describe the cylonality in
950 hPa and 500 hPa and the last letter describes the humidity index.
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rainfall kinetic energy values. WTs related to SW had higher KE values than the ones related to
NW, although the ones from NW occurred more frequently.

Such a characterisation of the local DSD and related KE conditions using Z-R relationships
could be a first step for a site assessment to estimate LEE conditions.
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Figure 6.4: Fitted A- and b-values of the Z-R relationship for all stations. The points present A-
and b-values fitted using all 1-minute measurements. The bars indicate the range of A- and b-
values fitted with measurements taken during specific weather types. Reproduced from study
2, which is currently in review.

Investigations in the frame of this PhD project showed that not only advection (wind) di-
rections (NW and SW) have an influence on the precipitation variability, but also wind speeds.
Using again data from station Voulund, because of its long time record of disdrometer data, the
joint probability of wind speed and R was calculated for three cases: (i) increase in number of
rain measurements, (ii) increase in rainfall amount and (iii) increase in rainfall kinetic energy.
As Figure 6.5 shows, the probabilities in all three cases were highest for the wind-speed interval
3 to 6 m s-1. The contributions from other wind-speed intervals were lower. The joint probabil-
ity of wind speed and R caused different patterns for all three parameters. While the increase of
number of measurements was highest having wind speeds between 3 and 6 m s-1 and R below
1 mm h-1, the increase of rainfall amount and KE was highest having wind speeds between 3
and 6 m s-1 and R between 1 and 5 mm h-1, although such events were less frequent. In other
words, rain with low R did not contribute as much to rainfall amount and KE as compared to
the number of measurements. In case of KE, rare events increased KE considerably.

Testik et al. (2017) report that an increase in wind speed leads to a decrease of Dm due to
collisional breakup, i.e., wind speed influences the DSD. So far it has not been verified if KE
decreases with increasing wind speed. Therefore, the six years disdrometer measurements in
Voulund were classified by their liquid-water content (LWC) value. For each of the seven result-

38



PhD contribution

Figure 6.5: Joint probability of wind speed and rain rate affecting (a) the number of 10-min in-
tervals with rain, (b) rain amount, and (c) rainfall kinetic energy based on 6 years of measure-
ments in Voulund (Denmark). Reproduced from Tilg et al. (2020b). ©American Meteorological
Society. Used with permission.

ing LWC classes between 0.2 and 0.8 g m-3 Kendall’s τ , a rank correlation coefficient, between
wind speed and KE, Dm and further parameters was calculated. Kendall’s τ of wind speed and
KE was significantly negative for all LWC classes, which means that KE decreased with increas-
ing wind speed. In accordance to this result, Dm was significantly negative for 4 out of 7 LWC
classes, which also indicates a decrease with increasing wind speed.

However, it is only the vertical component of KE that was analysed, because in this study
KE was calculated with the vertical fall velocity registered by the disdrometer. The horizontal
component of KE increases with horizontal wind speed (Fox 2004). An increasing horizontal
component of KE due to higher wind speeds does not only lead to higher absolute KE values
but also causes a different impact angle of the drops on the turbine blade.
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6.2 Influence of precipitation variability on leading-edge erosion

As highlighted in the previous section 6.1, precipitation conditions were not constant in
space or time. Stations at different geographical locations had different annual rainfall amounts
and KE, but often mean similar DSD. Secondly, the frequently used drop-diameter parameter-
isation of Best (1950) did not properly represent the underlying DSD. An essential question is
how these conditions influence LEE. As the aim of leading-edge protection strategies is to ex-
tend the lifetime of the turbine blades, the consequences of different drop-diameter parame-
terisations and rainfall amounts on LEE was investigated by calculating the blade lifetime, i.e.,
the time until first signs of erosion are visible. The interest in such investigations was high-
lighted in thesis objective 2.

To investigate the consequences of different drop-diameter parameterisations for LEE, the
blade lifetime was calculated using D50 and Dm as input. Other input data, like wind speed,
remained unchanged when calculating the kinetic energy and related lifetime using the speci-
fications of the IEA 15 MW reference wind turbine. A considerable difference between the blade
lifetimes was found. When D50 was used as input, a lifetime of 27.72 years was calculated, while
lifetime based on Dm was much shorter with 0.63 years. Due to higher values of Dm in a lot of
cases (see Figure 6.3), kinetic energy was higher for Dm. As the used blade lifetime model cal-
culated erosion damage based on kinetic energy input, erosion developed faster in case of Dm
and caused the shorter lifetime.

This result shows impressively and for the first time that used drop-diameter parameteri-
sation has a high influence on the calculated blade lifetime. Underestimated drop diameters
can lead to an overestimation of the blade lifetime. The used kinetic-energy-lifetime model is
very sensitive to the drop diameter and may overpredict the importance of the drop diameter
for the LEE development compared to other lifetime models. Research is on-going to establish
adjusted lifetime models.

The sensitivity of blade lifetime on different rain amounts was investigated by manipulat-
ing a 16-years long time series of rain gauge measurements in Hvide Sande. By adding and
removing intervals with rain, the rain amount was increased and decreased, respectively, by
17.5% compared to the measured reference time series (Table 6.2). The distribution of R was
kept constant, where the majority of the values was below 1 mm h-1. The drop diameter was
estimated based on the R using D50 as no DSD data to calculate Dm were available for the whole
time series.

The difference in the calculated blade lifetime was marginal with 0.04 years (15 days) de-
crease and 0.05 years (18 days) increase, respectively, compared to blade lifetime of the ref-
erence with 1.81 years. These small variations were probably a consequence of keeping the
distribution of R constant for all three cases. As this distribution is dominated by low R val-
ues, related kinetic energy for erosion is low as well, because D50 was used to estimate the drop
diameter.

6.3 Mitigation strategy considering precipitation

On the long-term view the turbine blade coatings cannot resist the impact of precipitation
and particles, which leads to LEE. Therefore, mitigation should not only focus to improve the
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Dryer conditions Reference Wetter conditions
Rain amount [mm] 7048.8 8546.9 10039.1

# of intervals with rain 21352 26301 31211
Lifetime [years] 1.86 1.81 1.77

Table 6.2: Rain amount and number of intervals with rain considering 16 years time series of
rain gauge measurements in Hvide Sande (Denmark) as well as dryer and wetter conditions.
Calculated blade lifetime is provided for the three cases.

coating, but also to reduce the impact of precipitation. In this regard Bech et al. (2018) sug-
gested reducing the impact stress by reducing the tip speed of the blade during intense rain
events. As mentioned in the thesis objective 3, investigating the blade-lifetime extension by
such a turbine control and the connection to real-time precipitation data is of high interest.

In addition to the previous blade-lifetime calculations (section 6.2), some further blade-
lifetime calculations were done considering a tip speed reduction in case a specific R threshold
was exceeded, i.e., simulating an ESM of the turbine.

The two different drop-diameter parameterisations led without ESM to blade lifetimes of
27.72 years (using D50) and 0.63 years (using Dm). Applying an ESM the lifetimes were approxi-
mately doubled to 51.30 years (using D50) and 1.39 years (using Dm). The optimal ESM thresh-
olds of R and tip speed were different. While for the D50-approach the tip speed was reduced
to 70 m s-1 when R exceeded 8 mm h-1, in the Dm-approach the the tip speed was reduced to
80 m s-1 when R was above 1 mm h-1.

In the case of the three precipitation time series with different rain amounts, the blade life-
times without ESM were quite similar with values between 1.86 years and 1.77 years. Optimiza-
tion calculations showed that an ESM was most profitable (i.e., lowest financial loss) when
reducing the tip speed to 64 m s-1 when R is above 4 mm h-1. The blade lifetimes increased
considerable by a factor between 21 and 15 (39.55 to 36.87 years) considering these ESM con-
figurations.

To summarize, the application of an ESM, i.e., reduction of the tip speed when observing R
above a certain threshold, theoretically reduces erosion and extends the blade lifetime.

To implement ESM, real-time precipitation data are needed. ESM based on measured data
from a disdrometer or rain gauge would enable a late reaction as precipitation would already
hitting the blades and cause some damage. Therefore, the ideal solution would be to have a
precipitation nowcast to be proactive, i.e., reduce the blade-tip speed, beforehand.

In this relation one has to remember that a raindrop needs some time to fall from the cloud
base to ground. This time depends on several factors like the cloud-base height, possible exist-
ing melting layers and the drop diameter. The drop diameter governs the shape and hence also
the fall velocity. Collision with other raindrops, which can lead to break-up or coalescence, and
drop-size sorting by vertical winds play also a role. Assuming a frequently measured drop with
a diameter of 1.5 mm, it takes the drop theoretically about 300 s (5 minutes) to fall from 1500 m
to the ground. This time would be enough to reduce the blade-tip speed before it impacts the
blade, because a deceleration of the tip speed can be done in less than a minute.
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This theoretical reflection suggests the use of a sensor that measures the vertical profile of
precipitation for nowcasting purposes. Hence, it is obvious to consider weather radars for such
a task, as they can measure precipitation at different heights simultaneously. An appropriate
sensor in this relation is the MRR-PRO from METEK, because it provides precipitation data with
high spatial and temporal resolution. Figure 6.6 shows that it is possible to observe the path-
way of precipitation from the cloud base (or melting layer) to the ground with the MRR-PRO.
Furthermore, this sensor provides beside R additional precipitation parameters like reflectiv-
ity, which allows an ESM using other precipitation parameters than R to determine severe LEE
conditions. Solid precipitation is also registered, where such precipitation types have other fall
properties than rain and require probably other ESM settings than rain. Due to its compact size
this sensor can be installed locally, i.e., at remote places like offshore wind farms.

Overall, it is possible to nowcast precipitation with high spatial and temporal detail re-
quested for the purpose of ESM. Such a nowcast is an essential step for operational application.

Figure 6.6: Radar reflectivity (dBz), fall velocity of raindrops (m s-1) and rain intensity (mm h-1)
based on Micro Rain Radar measurements in Plymouth (United Kingdom). The vertical axis
describes the vertical distance from the sensor and the horizontal axis the time (UTC). Repro-
duced from Tilg et al. (2020a).
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7 | Conclusion

The main goal of this PhD thesis was the investigation of the precipitation variability and
the consequences for LEE. In this connection three main objectives were defined: (i) Precip-
itation variability and influences on KE, (ii) Influence of precipitation variability on LEE and
lifetime, and (iii) Mitigation strategies of LEE considering precipitation. Using quality con-
trolled disdrometer and rain gauge measurements in combination with wind measurements
the variability and influencing factors were analysed and blade lifetimes calculated.

It was found that the dominant precipitation type of stations located at the coast or close
to the coast of the North Sea and Baltic Sea was rain. The amount of solid precipitation (ice,
hail) varied from station to station. Hence, we can assume that most erosion in this area might
be related to rain. However, the local differences in the fraction of ice and hail should not be
neglected for example in a site assessment as they can cause significant LEE.

The annual values of rain amount and KE of the analysed stations varied, where the highest
values were registered in the eastern part of the North Sea. The relation between the annual
values of rainfall amount and KE was not linear due to the higher sensitivity of KE on the drop
diameter. Therefore, annual rainfall amounts alone are probably not appropriate to estimate
the LEE risk. Further investigations in the frame of this PhD thesis showed that wind speed and
season had also an influence on the drop diameter and the DSD and in further consequence
on the KE. As LEE is often modelled as a function of kinetic energy, these factors should be
considered in LEE models. Furthermore, it was shown that drop diameters contributed with
different weight to the cumulative KE, where mid-size drops contributed the most.

To compare the dependence of the DSD on location and weather type, Z-R relationships
were used as a proxy. Differences in the A- and b-values of the Z-R relationship were found
and related to variations of KE between locations and weather types. Hence, Z-R relationships
are options for collecting information about the local DSD and its influence on KE based on
weather radar data. Furthermore, local Z-R relationships improve the accuracy of R values
when R is calculated based on reflectivity measurements from weather radars.

Multiple linear regressions describe KER using R as input and fulfil statistical requirements.
These KER-R relationships in combination with wind speed measurements might be relevant
to estimate the erosion risk at a specific location. Another approach is to estimate the erosion
risk of an individual rain event based on R values from weather radars using an appropriate
Z-R relationship. However, it was illustrated with the example of a D-R relationship that sim-
ple equations have their difficulties in representing the underlying DSD sufficiently. Calculated
blade lifetimes using two different drop-diameter parameterisations differed by a factor of 37
from each other. This large discrepancy in blade lifetime urge for consequences in how the



Conclusion

drop-diameter information is gathered to make more accurate blade lifetime predictions. The
used kinetic-energy-lifetime model is very sensitive to drop size and may overpredict the im-
portance of the drop diameter for LEE compared to other lifetime models. Research is on-going
to establish adjusted lifetime models.

Additional modelling results showed that blade lifetime was extended when an erosion-safe
mode was applied, i.e., a reduction of the blade tip speed in case R exceeded a certain threshold.
For this promising LEE mitigation strategy an innovative nowcasting concept for precipitation
using a compact vertical pointing radar was developed. The MRR-PRO from METEK is such
a compact vertical pointing radar and can be deployed at remote locations like offshore wind
farms. This nowcasting concept provides a nowcast on the minute scale and allows the deceler-
ation of the blade tip speed before the precipitation impacts. The latter mentioned point helps
preventing damage of the blade. Furthermore, the high temporal resolution of the nowcast is
essential to keep the curtailment time short and limit unnecessary energy production loss.
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8 | Outlook

In the course of the PhD project some points for further research have emerged.

Of highest relevance is the assessment of the importance of precipitation on the erosion
mechanism. It is still unknown which precipitation parameter (e.g., KE, R) correlates best with
observed LEE damages. This shortcoming might be due to the fact that reports about LEE on
installed wind turbines are usually confidential and therefore the extent of LEE cannot be com-
pared with available precipitation data. So far, the degradation of the leading edges is explained
by analysing data from accelerated tests in rain-erosion testers. The calculated equations be-
tween precipitation impacts and degradation are used for example to calculate blade lifetime
or set thresholds for the erosion-safe mode. However, it is not exactly known if data from accel-
erated tests represent adequately real-life conditions. Hence, access to LEE data from installed
wind turbines is necessary to verify the LEE models.

A second point for further research is the proof of concept of the erosion-safe mode includ-
ing the proposed precipitation nowcasting using a vertical pointing radar. Depending on the
areal extend of a wind farm, multiple radars, e.g., at each corner, are necessary to control the tip
speed of all wind turbines, because of the small beam width of the MRR-PRO. An advantage of
using a MRR-PRO is that it provides DSDs. Hence, it is possible to calculate different moments
of the DSD like R or KE depending on erosion-safe mode conditions.

Beside using a weather radar for nowcasting, it should be investigated to which extend wind
lidars are capable of measuring precipitation. Already installed lidars at wind turbines could be
used for measuring wind and precipitation, i.e., having a 2-in-1 sensor. Currently, the project
LICOREIM1 explores this option.

Another relevant question is how precipitation conditions should be considered in site as-
sessments of wind farms. In this relation joint probabilities of precipitation and wind condi-
tions, as shown in this PhD thesis, could be relevant as they contain information about wind
conditions during precipitation. Such values would give relevant hints for lifetime calculations
and related repair and maintenance costs. Currently, the project Blade Defect Forecasting2 fo-
cuses on this. As in situ precipitation measurements offshore are challenging, measurements
from satellites could be an option for site assessments.

1See: https://www.vindenergi.dtu.dk/english/research/research-projects/licoreim
2See: https://orbit.dtu.dk/en/projects/blade-defect-forecasting-bdf
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ABSTRACT

Rainfall kinetic energy is an important parameter to estimate erosion potential in connection to soil erosion

or in the recent years to the erosion of the leading edges of wind turbine blades. Little is known about the

seasonal drop size distribution and fall velocity dependence of rainfall kinetic energy as well as its relationship

with wind speed. Therefore, 6 years of Thies Laser Precipitation Monitor disdrometer and wind mea-

surements from Voulund, a field site in western Denmark, were analyzed. It was found that the rainfall

kinetic energy was highest in summer due to higher drop concentrations and in autumn due to more time

with rain. The rainfall kinetic energy peaked for drop diameters between 0.875 and 2.25 mm independent

of the season. Rainfall kinetic energy decreased significantly with increasing wind speed, if considering

the vertical fall speed of the drops for the calculation of the rainfall kinetic energy. However, it should be

noted that the measurement uncertainty increases with increasing wind speed. As disdrometer obser-

vations are rarer than rain rate observations, the performance of empirical equations describing the re-

lationship between rainfall kinetic energy rate and rain rate was investigated. It was found that an

equation trained with an alternative method fulfilled the statistical requirements for linear regression and

had a similar error compared to equations in the literature. Based on the analyses, it can be concluded that

the erosion potential due to rainfall kinetic energy is highest between June and November at low wind

speeds and high rain rates.

1. Introduction

Rainfall kinetic energy (KE) is a dominant factor for

erosion processes, because KE provides energy for the

detachment of particles from the surface. A prominent

example is soil erosion where rainfall beside other envi-

ronmental influences causes soil degradation (Wischmeier

and Smith 1958; Naipal et al. 2015; Panagos et al. 2015).

Another example is erosion of the leading edges of wind

turbines blades. This kind of blade degradation depends

on the raindrop size (Keegan et al. 2013; Mishnaevsky

2019) and the rotation of the blades, which adds significant

additional velocity for the drop impact (Amirzadeh et al.

2017). Bech et al. (2018) propose to reduce the tip speed of

the wind turbine blades during severe rain events to re-

duce leading edge erosion (LEE). Detailed quantification

of the rain climate, in particular of KE and drop size dis-

tribution (DSD) as well as its interaction with wind speed

in different environments is needed for improved under-

standing of LEE.

KE itself is a function of DSD and fall velocity of the

drops. The only direct way to determine KE is by

counting the number of drops and observing their sizes

and fall velocities. Kathiravelu et al. (2016) give an

overview of different methods to measure DSD and fall

velocity of the drops where nowadays disdrometers are
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the most common instrument for DSD observations.

However, one has to keep in mind that only drops with a

diameter up to 1 mm have a spherical shape. Larger

drops are flattened and therefore more like an ellipsoid.

Gravity, buoyancy, and drag force govern the fall

velocity of a drop in still air where the diameter and

the shape of the drop determine the value (Jones et al.

2010). Terminal fall velocity is achieved when the

buoyancy and the drag force balance gravity. DSD

varies between different locations (e.g., Dolan et al.

2018), within rain events (e.g., D’Adderio et al. 2018)

and between seasons (e.g., Wen et al. 2019). The

causes for these spatiotemporal variations are mainly

precipitation formation processes (warm versus cold

clouds) and coalescence or breakup of drops due to

collision. These processes also determine observed

differences between convective and stratiform events

(e.g., Suh et al. 2016) and between maritime and

coastal locations (e.g., Das and Chatterjee 2018),

where for the latter the aerosol concentration plays

an important role. Bringi et al. (2003) compare DSD

measured at different locations around the globe and

find for convective rain a maritime-like cluster with a

mass-weighted mean diameter Dm between 1.50 and

1.75 mm and a continental-like cluster with Dm be-

tween 2.00 and 2.75 mm. In contrast, for stratiform

rain they find no clear difference between maritime

and continental locations. The variations of DSD

imply that KE also changes with space and time. One

of the few examples illustrating the seasonal variation

of KE in Europe is published by Davison et al. (2005).

They report higher KE values in late summer and

autumn in England and Wales using an empirical

equation between daily rainfall amount and KE. An

important but often neglected parameter influencing

the drop fall velocity and DSD is wind speed. Montero-

Martínez and García-García (2016) and Thurai et al.

(2019) report that in situations with high wind speeds

the distribution of fall velocity values is broader and

drops tend to have a lower fall velocity compared to

situations with calm wind conditions. Thurai et al.

(2019) mention the asymmetric shapes of drops within

these situations as a possible cause. Furthermore, Testik

and Pei (2017) show an increase of small drops and de-

crease of large drops with increasing wind speed due to

increased breakup of drops with increasing wind speed.

Pedersen and Hasholt (1995) find an increase of KE with

increasing wind speed based on rain gauge data and cal-

culations of KE with an exponential model. However, the

direct impact of wind speed onKE due to variations of fall

velocity and DSD is not well described in literature.

Disdrometers are usually not part of operational me-

teorological measurement networks. Therefore, several

parameterizations for DSD and fall velocity exist in

literature. Prominent examples for DSD distributions

are the gamma distribution (Ulbrich and Atlas 1998),

where the exponential distribution is a special case,

and the lognormal distribution (Feingold and Levin

1986). Testud et al. (2001) propose doing a normali-

zation of the raindrop spectra for improving the

comparability of the DSD. The suggested parameters

volume-weighted mean diameterDm and generalized

intercept parameter NW describe the DSD and have

the advantage that no specific distribution needs to be

assumed. An overview of equations for calculation of

the terminal fall velocity is given by Jones et al.

(2010). Fox (2004) expresses rainfall KE and rain rate

(RR) with the gamma distribution and the terminal

drop velocity described by Ulbrich (1983) but finds no

clear relationship between KE and RR.

The attempt of Fox (2004) is not surprising as the

availability of RR is higher because of the worldwide

measurement network of rain gauges and weather

radars. This situation favors the use of empirical re-

lationships using RR as input to estimate KE. There

are several publications (e.g., Salles et al. 2002; van

Dijk et al. 2002; Petan et al. 2010; Angulo-Martínez
et al. 2016; Petr�u and Kalibová 2018) that list rela-

tionships between RR and KE for different areas of

the world, where KE is normalized either by time

(h) or rain amount (mm). While for countries in the

low and midlatitudes several equations are published,

less is known about KE–RR relationships in higher

latitudes. This gap may be due to the small influence

of rain on soil erosion in, e.g., northern European

countries (Veihe et al. 2003). Apart from that, most

empirical equations follow a power, logarithmic or

exponential form but often it is not clear why the

authors defined that kind of relationship and if as-

sumptions using this type of equation are fulfilled

(e.g., residual distribution). Furthermore, the time ag-

gregation of RR plays an important role in the KE–RR

relationship. Angulo-Martínez et al. (2016) demon-

strate that KE is underestimated if another time ag-

gregation of RR is used as compared to the input

time scale used for the calibration of the KE–RR

relationship.

The aim of this study is to determine conditions with a

high potential for high KE. Therefore, we analyze the

annual and seasonal variation of cumulative and aver-

aged 10-min KE values and the wind speed dependence

of KE. These variations are compared with the varia-

tions from DSD and fall velocity. Furthermore, we

propose a model to describe the relationship between

KE rate and RR and fulfilling assumptions related to

linear regression fitting. These investigations are based

1622 JOURNAL OF HYDROMETEOROLOGY VOLUME 21

D
ow

nloaded from
 http://journals.am

etsoc.org/jhm
/article-pdf/21/7/1621/4981628/jhm

d190251.pdf by D
TU

, TEC
H

N
IC

AL IN
FO

R
M

ATIO
N

 C
EN

TER
 O

F D
EN

M
AR

K user on 29 July 2020



on 6 years of disdrometer measurements at a field site

in Denmark.

2. Data and methods

a. Disdrometer data and their quality control

Precipitation and other meteorological parameters

were measured at Voulund (56.03724268N, 9.1593578E,
67 m), a flat open area with a size of around 2000m2 and

no nearby obstacles, in western Denmark in connection

to theDanish hydrological observatory (HOBE) project

(Jensen and Illangasekare 2011). The focus of the

HOBE project was the investigation of the influence of

natural and anthropogenic changes on hydrological

processes within the Skjern River catchment. The

Danish Meteorological Institute (DMI) provided ac-

cess to precipitation, wind, and temperature mea-

surements fromFebruary 2012 toDecember 2017 (6 years).

Table 1 provides a detailed overview of the instrumen-

tation. The focus of our analyses is on the Thies Laser

Precipitation Monitor (LPM) disdrometer data.

The LPM disdrometer is an optical disdrometer

manufactured by the company Adolf Thies GmbH

and Co. KG in Germany. The precipitation particles

attenuate the laser sheet between the transmitter and

receiver when they fall through it. The risk of two

drops concurrent in the laser sheet is negligible (Pickering

et al. 2019). The laser operates at a wavelength of 785 nm

and is 228 mm long, 20 mm wide, and 0.75 mm high. An

internal algorithm calculates the equivolumetric diame-

ter and vertical fall velocity of every precipitation particle

and collates them into different classes considering 22

different size classes (from $0.125 to $8 mm) and 20

different velocity classes (from $0 to $10ms21) both

with varying class width. The time resolution of the

original data was 1 min. The other parameters provided

byDMI had a time resolution of 10min and therefore the

LPM data were aggregated in 10-min statistics for com-

patibility with the remaining available data.

Upton and Brawn (2008), Frasson et al. (2011), and

Angulo-Martínez et al. (2018) investigate in detail the

LPM disdrometer and its characteristics compared to

other precipitation sensors. The mentioned publications

show a discrepancy between measurements of the LPM

disdrometer and the other sensors. These differences

can be explained for example by signal processing,

splashing from the housing of the sensor or aerodynamic

effects of the sensor on the precipitation field. As the

precipitation is measured within a limited sampling area

of the disdrometer, the measured DSD and consequent

integral rainfall parameters include some uncertainty

(Jaffrain and Berne 2011).

Friedrich et al. (2013) emphasize the importance of

quality control of disdrometer data to remove back-

ground noise and unrealistic measurements caused for

example by insects. Furthermore, for the present in-

vestigation all precipitation types except rain were

removed although hail has a huge impact on the de-

velopment of LEE of wind turbine blades (Macdonald

et al. 2016; Letson et al. 2020). The criteria for the

applied quality control use LPM data itself but also

rain gauge and temperature measurements from the

field site and radar data provided by DMI. Radar data

for 3 3 3 pixels each with a size of 2 3 2 km2 were

available with a center pixel at the site of interest and

eight neighbor pixels. While the distance between the

LPM and the rain gauges was maximum 20m, the

distance between LPM and radar was around 53.8 km.

The center of the radar beam is around 716m above

the field site in Voulund assuming standard atmo-

sphere and an elevation angle of 0.58. LPM data were

removed based on the criteria listed in Table 2.

In some cases, e.g., criterion 9 in Table 2, quality

control by simple boundaries is not satisfying (Larsen

TABLE 1. Instrumentation at field site Voulund, Denmark.

Sensor Manufacturer

Measurement/orifice

height (m) Note

Laser Precipitation Monitor (LPM) Thies Clima 1.5

Pluvio2 OTT 0 WMO reference rain gauge at ground level

Pluvio2 OTT 3 WMO reference rain gauge shielded with a

Tretyakov windshield and surrounded with a

Valdai double fence from November to March

Pluvio2 OTT 1.5 WMO reference rain gauge unshielded

Pluvio2 OTT 1.5 WMO reference rain gauge shielded with a

Tretyakov windshield

Pluvio2 OTT 1.5 WMO reference rain gauge unshielded and operated

with solar panel

RIM7499 RIMCO 1.5

HMP45C Campbell Scientific 2

Wind speed sensor 2740 Aanderaa 1.5
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and Schönhuber 2018). Small dropswith a terminal velocity

outside a specific range of the terminal velocity can be

drops splashed from the housing asmentioned for example

by Angulo-Martínez et al. (2018). Montero-Martínez et al.
(2009) and Montero-Martínez and García-García (2016)

investigate the physical background of such superterminal

and subterminal velocities of smaller drops. In contrast to

Angulo-Martínez et al. (2018), they conclude that breakup
and coalescence processes of drops shortly before falling

through the laser sheet can cause such differences from the

terminal velocity.

Table 3 gives an overview of missing 1-min measure-

ments and removed 1-min measurements and drops for

each year. The LPM was not running in January and end

of December 2012 as well as end October 2014 to mid-

January 2015. These circumstances caused the high frac-

tions of missing values in 2012, 2014, and 2015. Con5

(1-min intensity , 0.1mmh21) caused the highest percent-

age of removed intervals and particles. Con6 (Cumulative

sum of drops , 10) affected in comparison to Con5

more intervals but less the number of removed particles.

A high percentage of particles were removed by Con3

(SYNOP code indicates snow), while the percentage

of removed intervals due to this criterionwasmuch lower.

Wind and precipitation data were only available with

10-min temporal resolution. Wind speed values are

mean values over 10 min. Wind speed and rain gauge

measurements were already quality controlled by DMI.

The yearly rain amounts of all precipitation sensors at

the field site were compared, neglecting other precipi-

tation types than rain (see figure in the online supple-

mental material). While the LPM measured the highest

yearly amounts, rain gauge RIM7499 registered 20%

and less rain. One cause might be that RIM7499 is a

tipping bucket with a resolution of 0.2 mm. Therefore,

rain events with a low intensity had not been measured

by RIM7499. Furthermore, it is known from different

intercomparison experiments (e.g., Sevruk et al. 2009;

Liu et al. 2013) that rain gauges even installed closely

together measure different amounts or rain rates. These

differences are caused for example by turbulence due to

wind and evaporation influences as well as by different

measurement principles.

b. Calculation of integral rainfall parameters

Integral rainfall parameters were calculated using the

quality controlled disdrometer data with a temporal res-

olution of 10 min. The equivolumetric diameter and the

fall velocity measured by the LPMwere used as input for

all equations, where the equivolumetric diameter de-

scribes the diameter of a spherical drop that has the same

volume as a flattened raindrop. For all calculations the

central values of the diameter (summation index i) and

fall velocity (summation index j) classes were used.

Rain rate (RR;mmh21) is based on the equation from

Frasson et al. (2011):

RR5
1
t

60

1

A

p

6
�
i

n
i
3D3

i , (1)

where Di is in decimeters (dm).

Rainfall kinetic energy per area (KE; Jm22) is based

on Petr�u and Kalibová (2018):

KE5
1

A

r3p

12
�
i
�
j

n
ij
3D3

i 3 y2j , (2)

where Di is in millimeters (mm).

Rainfall kinetic energy rate (KER; Jm22 h21) is cal-

culated with the following equation:

TABLE 2. Criteria used for quality control of the LPM disdrometer data.

Criterion Description Reference

1 Status of LPM indicates error

2 Surface synoptic observation (SYNOP) code (from table 4677) indicates hail Ghada et al. (2018)

3 SYNOP code indicates snow Ghada et al. (2018)

4 SYNOP code indicates freezing precipitation Ghada et al. (2018)

5 1-min intensity , 0.1mmh21 Tokay and Bashor (2010)

6 Cumulative sum of drops , 10 Tokay and Bashor (2010)

7 Data in less than five size–velocity combinations Inspired by Ghada et al. (2018)

8 Drops with a diameter . 8 mm Friedrich et al. (2013)

9 Drops with a diameter . 2 mm and with a fall velocity outside 660% of the terminal

velocity based on the equation of Atlas et al. (1973)

Inspired by Friedrich et al. (2013)

10 Rain gauges registers no precipitation and radar measures no reflectivity indicating

precipitation

11 All rain gauges register no precipitation and at least 7 radar pixels around the field site do

not indicate precipitation

12 Radar data are not available and rain gauges detect no precipitation

13 Precipitation at temperatures below the freezing point
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KER5
1
t

60

3KE. (3)

Rainfall kinetic energy per area per diameter [KE(Di);

Jm22mm21] is calculated using this equation:

KE(D
i
)5

1

A

r3p

12
�
j

n
ij
3D3

i 3 y2j

DD
i

. (4)

Following the equation in Chen et al. (2016), the number

of drops per unit volume of air and per diameter interval

[N(Di); m
23mm21] is calculated as

N(D
i
)5�

j

n
ij

A3Dt3 y
j
3DD

i

. (5)

Mean volumeweighted diameter (Dm; mm) is calculated

based on Bringi et al. (2003):

D
m
5
�
i

N(D
i
)3D4

i 3DD
i

�
i

N(D
i
)3D3

i 3DD
i

. (6)

Liquid water content (LWC; gm23) is calculated based

on Hagen and Yuter (2003):

LWC5 r3
p

6
3�

i

D3
i 3DD

i
3N(D

i
) (7)

with r in grams per cubic millimeter (gmm23).

The generalized intercept parameter (Nw; mm21m23)

is calculated based on Bringi et al. (2003):

N
w
5

44

p3 r
3

LWC

D4
m

. (8)

The above equations use the following parameters with

given units (if not indicated differently): r is the density

of water (kgm23); t is the time aggregation interval

(min); Dt is the time interval of the observation (s); A is

themeasuring area (m2); ni is the number of drops within

the diameter class i per time aggregation interval (con-

siders all fall velocity classes); Di is the mean drop di-

ameter in diameter class i (mm); DDi is the width of size

class i (mm); yj is the mean drop fall velocity in velocity

class j (m s21); and nij is the number of drops within the

size class i and velocity class j.

The calculation of the mean fall velocity Vm (m s21) is

not a standard integral rainfall parameter and is there-

fore not found frequently in literature. The following

used equations were refined based on a flowchart in Kim

and Song (2018):

N(y
j
)5�

i

n
ij

A3Dt3 y
j
3Dy

j

, (9)

V
m
5

�
j

N(y
j
)3 y

j

�
j

N(y
j
)

, (10)

with N(yj) being the velocity distribution in velocity

class j (m23m21 s) and Dyj the width of the velocity

class (m s21).

3. Results

All results are based on quality controlled LPM dis-

drometer data and wind data with a 10-min resolution

from 6-yr measurements at the field site Voulund in

Denmark.

TABLE 3. Overview about missing and removed 1-min intervals and removed drops of the Thies LPM data collected in Voulund,

Denmark.

Year 2012 2013 2014 2015 2016 2017

Intervals (min) 527 040 525 600 525 600 525 600 527 040 525 600

Measured drops 35 977 351 37 261 771 31 255 343 51 559 448 37 268 392 55 170 114

Missing intervals (%) 17.69 5.25 23.61 8.64 5.41 5.16

Con1 intervals/drops (%) 0.07/0.17 0.10/0.07 0.06/0.13 0.02/0.45 0.06/0.07 0.03/0.09

Con2 intervals/drops (%) 0.07/1.33 0.04/1.43 0.04/1.43 0.05/0.86 0.04/0.70 0.09/1.65

Con3 intervals/drops (%) 1.09/11.84 3.34/18.13 0.94/13.94 1.15/7.23 1.41/10.66 1.46/6.58

Con4 intervals/drops (%) 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.00 0.00/0.00

Con5 intervals/drops (%) 5.59/11.54 4.95/11.09 4.37/11.02 6.99/12.40 6.67/13.84 7.03/12.34

Con6 intervals/drops (%) 6.37/0.25 8.64/0.33 10.26/0.50 7.63/0.21 7.41/0.28 11.94/0.30

Con7 intervals/drops (%) 0.01/0.00 0.02/0.00 0.07/0.01 0.01/0.00 0.01/0.00 0.02/0.00

Con8 intervals/drops (%) 0.07/0.01 0.07/0.01 0.06/0.01 0.01/0.00 0.06/0.01 0.13/0.02

Con9 intervals/drops (%) 0.36/0.02 0.36/0.01 0.23/0.01 0.45/0.01 0.33/0.01 0.45/0.02

Con10 intervals/drops (%) 2.36/0.70 2.56/0.51 1.88/0.59 2.36/0.78 2.74/0.98 4.03/0.84

Con11 intervals/drops (%) 1.32/0.99 1.26/0.51 1.21/0.33 1.17/0.31 0.96/0.44 1.18/0.59

Con12 intervals/drops (%) 0.00/0.00 0.08/0.13 0.00/0.00 0.16/0.02 0.07/0.02 0.10/0.08

Con13 intervals/drops (%) 0.14/0.32 1.05/0.15 2.43/0.78 0.04/0.02 0.17/0.53 0.22/0.22
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a. Annual and seasonal variation of drop size
distribution, fall velocity, and rainfall kinetic
energy

To analyze the annual and seasonal variation of the

parameters N(D), fall velocity, and KE(D), the LPM

data were divided into four seasons: winter (DJF),

spring (MAM), summer (JJA), and autumn (SON).

For each season and year the mean [N(D), KE(D)]

and median (fall velocity) 10-min value, respectively,

were calculated when the percentage of missing values

in each month of the season was less than 25%.

Furthermore, a seasonal average was calculated using

the data of all years (except the ones with a high

fraction of missing values) and was compared with

empirical fits.

Figure 1 compares the seasonal 10-min mean N(D)

with the yearly seasonal 10-min mean N(D) and the

fitted gamma distribution. For the fitting procedure of

the gamma distribution the seasonal mean N(D) was

used as input as described in Ulbrich and Atlas (1998).

Within the different seasons, most years showed a similar

DSD. In winter the mean of 2013 and 2016, in spring the

mean of 2017, and in summer the mean of 2014 deviated

clearly from the seasonal mean. The seasonal mean

N(D) of winter and autumn had the highest drop con-

centration at the smallest four diameters, while the

seasonal meanN(D) in the summer had the highest drop

concentration for larger diameters. The fitted gamma

distribution provided lower drop concentrations com-

pared to the seasonal mean for diameters up to around

1 mm (except at the first diameter of 0.1875 mm) and

similar or higher drop concentrations for larger diame-

ters. The difference between gamma distribution and

seasonal mean was notable for diameters larger than

5.25 mm, which might be caused by the low occurrence

of drops with this diameter.

In Fig. 2 the seasonal median of the measured fall

velocity is compared with the seasonal median values of

each year and the terminal fall velocity based on the

equation from Atlas et al. (1973). The yearly seasonal

median values were similar to the seasonal median up

to a diameter of 3.25 mm (winter, spring) and 5.25 mm

(summer, autumn). At diameters larger than that, the

FIG. 1. Mean 10-min drop concentration per millimeter diameter and cubic meter of air [N(D)] for different seasons and years. The

orange line describes the gamma distribution fitted according to Ulbrich and Atlas (1998). The number of analyzed 10-min intervals is

given in parentheses for each year separately.
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yearly median values for some diameters deviated no-

tably from each other and from the seasonal median.

Contrarily to N(D), the seasonal median was more or

less the same for all seasons except for larger diameters.

Comparing the seasonal median fall velocity with the

terminal velocity calculated after Atlas et al. (1973), a

clear difference was observed for most of the diameters.

At diameters up to 1.25 mm the seasonal median was

higher than the terminal velocity. In contrast, the sea-

sonal median was lower compared to the terminal ve-

locity at diameters larger than 1.875 mm. The largest

deviation was found for drops with a diameter of

6.25mmand larger, where the seasonal median based on

the LPM measurements showed even a decrease in the

fall velocity. The boxplot of the analyzed measurements

indicated a low variation of the fall velocities, especially

for drops with a diameter of 6.25 and 6.75 mm. Possible

causes for this unexpected result are mentioned in

section 4.

The abovementioned variations of N(D) and fall

velocity influenced KE(D). The seasonal 10-min mean

values of the mentioned years in N(D) also show the

largest deviation from the seasonal mean of KE(D)

(Fig. 3). The mean seasonal peak values of KE(D)

were clearly higher in the second half-year (summer,

autumn) than in the first half-year (winter, spring).

The peak of the seasonal mean KE(D) was highest in

summer where N(D) with a diameter larger than

0.625 mm was highest. The peak of the seasonal mean

in winter was the lowest and only half as high as in

summer. Furthermore, the diameter related to the

peak value of the mean seasonal value was largest in

summer, which may be of due to the higher concen-

tration of larger drops in summer compared to the

other seasons. In general, KE(D) was lower for smaller

drops because of lower mass and slower fall velocity,

while KE(D) was lower for larger drops because these

were few. To estimate the influence of the fall velocity

on KE(D), the seasonal 10-min mean number of drops

per diameter was calculated based on the available

measurements. This number and the terminal fall ve-

locity calculated after Atlas et al. (1973) where used as

input for the line plotted as ‘‘Theor. calculation’’ in

Fig. 3. The comparison with the seasonal 10-min mean

FIG. 2. Median 10-min drop fall velocity per millimeter diameter for different seasons and years. The orange line describes the terminal

velocity described byAtlas et al. (1973). The number of analyzed 10-min intervals is given in parentheses next to the years, and the number

of analyzed drops for the seasonal median is given for each diameter separately on the top of each boxplot.
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value based on the measurements showed that (i) at

smaller diameters KE(D) based on the measurements

was higher probably due to the higher median fall ve-

locities and (ii) the value of the peak as well as the

diameter with the highest peak were different. Higher

terminal fall velocities compared to the median fall

velocities at these diameters could cause the last

mentioned point.

Laboratory tests show that not only single events but

also the cumulative rainfall kinetic energy influence the

erosion of the leading edges of the wind turbine blades.

Therefore, it is beneficial to know the seasonal cumu-

lative KE(D). Figure 4 shows clear differences between

the single years for some seasons (especially winter).

Apart fromdifferences inN(D), these differences can be

related to the number of 10-min intervals with rain. The

peaks of the mean seasonal cumulative distributions

were highest in autumn and lowest in spring. This result

is contrary to the 10-min mean value but caused by

the time where it is actually raining. Independent of

the season, drops with a diameter between 0.875 and

2.25 mm provided between 62% and 69% of the

cumulative KE but constituted only 2%–4% of the

drop concentration.

b. Relationship between wind speed and rainfall
kinetic energy as well as other rainfall parameters

To investigate the relationship between KE, RR,

and wind speed, we analyzed the joint probability of

RR and wind speed affecting the KE. In relation to

LEE this is of interest, because Bech et al. (2018)

propose a reduced tip speed of the wind turbine

blades during events with high RR to reduce erosion.

Furthermore, the joint probabilities of RR and wind

speed affecting the number of 10-min intervals with

rain and the rain amount were also calculated to see

whether similar probabilities can be expected like for

KE. We considered LPM data of the 6-yr observation

period with a temporal resolution of 10 min to deter-

mine the cumulative values of 10-min intervals with rain,

rain amount and KE. In the next step, we calculated the

probability of an increase of 10-min intervals with rain,

rain amount and KE depending on the observed values

within a specific RR interval (,1, 1–5, 5–10, 10–20,

FIG. 3. Mean 10-min rainfall kinetic energy per millimeter diameter [KE(D)] for different seasons and years. The orange line describes

the KE(D) based on the mean seasonal number of drops and the terminal fall velocity described by Atlas et al. (1973). The number of

analyzed 10-min intervals is given in parentheses for each year separately.
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and.20mmh21) andwind speed interval (0–3, 3–6, 6–9,

9–13, and above 13ms21).

The highest probabilities occurred in the wind speed

interval 3 to 6m s21 (Fig. 5). The number of 10-min in-

tervals was dominated by RR , 1mmh21 but rain

amount and KE had their highest probabilities for RR

between 1 and 5mmh21. In fact, for all wind speed in-

tervals, this RR interval caused the highest probabilities

of observing an effect on rain amount and KE.

It is interesting to note that the probability of having a

10-min interval at very low wind speeds (0–3ms21) and a

RR . 20mmh21 was 0.00023. The probability to see an

effect on the rain amount and the KE was higher with

0.0046 and 0.0094. Similar values were observed in the

wind speed interval from 3 to 6ms21. These values are

provided in the supplemental material. For wind speeds

above 9ms21 there is no occurrence of RR. 10mmh21.

The different probabilities to observe aKE increase in

connection to wind speed prompted us to think about

the wind speed dependence of the parameters defining

KE. Therefore, we investigated the correlation between

wind speed and the parameters KE, Dm, NW, and Vm

similar to the approach of Testik and Pei (2017). We

categorized the 10-min measurements by their LWC,

where, for example, values between .0.15 gm23 and

,0.25 gm23 were assigned to the category 0.2 gm23.

The distribution of the parameters was investigated for

each LWC value visually and with the Shapiro–Wilk test

(Wilks 2006). As in most cases no normal distribution

was given, Kendall’s t and its significance were calcu-

lated for all cases (Wilks 2006). By simultaneously

analyzing the significance of Kendall’s t of the LWC

subgroups, the so-called multiplicity problem arises.

The probability of making at least one type I error

(rejection of true hypothesis) increases with an in-

creasing number of individual tests that are based on

the same dataset (i.e., LWC in this study). In literature

different options are presented to tackle this problem.

An easy, and therefore probably popular, method is to

reduce the probability of at least one type I error

(familywise error rate) by adapting the p value for in-

dividual tests with the Bonferroni method (Heiberger

and Holland 2015). Taking an overall probability of

0.05 for a type I error, the Bonferroni method leads to a

FIG. 4. Cumulative rainfall kinetic energy per millimeter diameter [KE(D)] for different seasons and years. The orange line describes

the KE(D) based on the mean seasonal number of drops, the mean number of 10-min intervals with rain, and the terminal velocity

described by Atlas et al. (1973). The number of analyzed 10-min intervals is given in parentheses for each year separately.
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p value of 0.007 for the individual tests of the LWC

subgroups in this study.

Table 4 gives an overview of Kendall’s t values and

their significance regarding LWC values between 0.2

and 0.8 gm23 with 0.1 steps. For higher LWC values the

number of observations was below 30, which we saw as a

too small data sample to analyze.Kendall’s t betweenwind

speed andKEwas significantly negative for all LWCvalues

given in Table 4. A negative value in this case implies a

decrease of KE with increasing wind speed. As KE was

calculated with the vertical fall speed measured by the

disdrometer, one can also interpret this KE value as the

vertical component of the overall KE. The Kendall’s

t betweenwind speed andDmwas significantly negative for

4 out of 7 LWC values. A negative slope means that Dm

decreases with increasing wind speed. In accordance with

this result is the significantly increase ofNWwith increasing

wind for 4 out of 7 LWC values. This result indicates that

the number of small drops increases with wind speed.

Finally, Kendall’s t between wind speed and Vm were

significantly positive for 4 out of 7 individual tests. This

positive correlation implies an increase of Vm with in-

creasing wind speed. The latter result was unexpected as

Dm decreases and is therefore analyzed more deeply in

section 4. The fraction of significant correlations is nearly

the same if applying ap value of 0.05 for the individual tests.

It is noted that Kendall’s t values were quite low. That

means that other parameters apart from wind speed

influence KE, Dm, NW, and Vm.

Figure 6 shows the above described correlation be-

tween wind speed and KE, Dm, NW, and Vm for mea-

surements with a LWC of 0.7gm23. The measurements

FIG. 5. Joint probability of wind speed and rain rate (RR) affecting (a) the number of 10-min intervals with rain,

(b) rain amount, and (c) rainfall kinetic energy (KE) based on 6 years of measurements.
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having a much lower KE, Dm, and Vm and higher NW

compared to the majority are notable. They relate to the

same event and might be either extreme values or values

not captured and removed by the quality control.

c. Relationship between rainfall kinetic energy and
rain rate

Our initial intention was to compare the error of the

KER–RR relationship of Wischmeier and Smith (1958)

and an adapted equation using the same type but coeffi-

cients based on the LPM data from Voulund. The equa-

tion fromWischmeier and Smith (1958) reads as follows:

KER5RR(11:871 8:733 log
10
RR). (11)

The adapted equation was trained using the ordinary

least squares (OLS) method to minimize the sum of

squares of the residuals considering the 6-yr quality-

controlled 10-min LPM data to calculate KE and RR. A

measurement with a RR of 39mmh21 and KER of

720 Jm22 h21 was observed in an event in September

2017. Measurements before and afterward had lower

values (RR , 25mmh21 and KER , 440 Jm22 h21).

We concluded that this measurement is an extreme

value, because nothing similar was observed in the

6 years. Therefore, this value was disregarded (also in

further steps), because we were focusing on general

relationships and less on extreme values. The result

was following regression equation:

KER5RR(9:551 9:663 log
10
RR),

where #30mmh21 . (12)

Both RR–KER relationships are visualized in Fig. 7.

The comparison of the root-mean-square error (RMSE)

and mean absolute error (MAE) using the same data as

for the training of the equation shows that Eq. (12) had a

lower error (Table 5).

When fitting linear regression lines, it is also impor-

tant to analyze the following statistical properties: (i)

normal distribution of the residuals, (ii) homoscedas-

ticity of the residuals, and (iii) linearity of the model.

Equation (12) did not fulfill these assumptions, and

neither did the equation from Wischmeier and Smith

(1958). By training other regression types based on

published relationships mentioned in Petr�u and

Kalibová (2018), it turned out that all of them failed in

this residual analysis.

To overcome this issue, regression lines were trained for

three RR ranges: RR # 1mmh21, 1 , RR # 5mmh21,

and 5 , RR # 30mmh21. The training process can be

described as a forward stepwise selection. To improve the

model performance and to fulfill the mentioned residualT
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analysis, the following two points were considered in the

training phase: (i) transformation of KE to get linearity

and (ii) adding of polynomials to improve themodel. Each

trained model was evaluated by its residual analysis as

well as by the Akaike information criterion (AIC) and the

p value of theF test to consider only significant parameters

in the model.

The statistical training resulted in the following

equations:

KER5 10(20:6814:123RR24:423RR211:923RR3),

where 0:1,RR# 1mmh21 , (13)

KER5 10(0:2810:773RR20:143RR210:013RR3),

where 1,RR# 5mmh21 , (14)

KER5215:221 19:093RR1 0:173RR2,

where 5,RR# 30mmh21 . (15)

All fitted regression lines are plotted in Fig. 7. The

RMSE and MAE values using the same data as for the

training of the equation are listed in Table 5. The com-

parison of the different RMSE values shows that al-

though Eq. (12) fails in the residual analysis, it actually

had a similar error compared to Eqs. (13)–(15) for the

three specific RR ranges that fulfill all requirements.

4. Discussion

The analyzed disdrometer data showed a seasonal

variation of themean 10-min values of KE(D) andN(D)

(Fig. 1, 3).While the high cumulative values of KE(D) in

summer are caused by the higher mean 10-min N(D)

values, the high cumulative values in autumn are caused

by the higher number of 10-min intervals with rain

(Fig. 4). Our findings related to the cumulative KE(D)

are comparable to the one of Davison et al. (2005), who

reports higher KE in summer and autumn in the United

Kingdom using statistical relationships between KE

and daily rain amount. Leek and Olsen (2006) analyze

the erosivity for Denmark using daily precipitation

amounts. They find the highest erosivity factors in late

summer and early autumn. Obviously, the seasonal

FIG. 6. Scatterplot between wind speed and rainfall kinetic energy (KE), mean diameter Dm, intercept parameter NW, and mean fall

velocity Vm considering 10-min measurements with a liquid water content (LWC) of 0.7 gm23. Each subplot contains the number of

observations n, Kendall’s t values, and its significance.
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variation of N(D) influences KE(D). In Denmark rain

in the summer half-year is often caused by convective

events (Mäkelä et al. 2014; Taszarek et al. 2019), while

in the winter half-year rain is more related to fronts

from systems that are coming or forming over the

Atlantic with a high percentage of stratiform rain. As

different microphysical processes cause convective and

stratiform rain, the underlying N(D) is different and

causes the seasonal variation of themean 10-min values

of N(D) and KE(D). The causes for annual variation

are numerous and may be related also for example to

the current sea ice extent or teleconnections (e.g.,

North Atlantic Oscillation). The strong deviation of

the winter values in 2013 from the seasonal mean might

also be influenced by the high percentage of snow in

that winter (see also Con3 in Table 3). The most un-

expected result in this connection is the deviation of the

median seasonal fall velocity from the terminal fall

velocity of Atlas et al. (1973). It was shown that

this deviation influenced the seasonal mean values of

KE(D) observing more KE(D) at smaller diameters

using measured data (Figs. 3, 4). The cause for the re-

duction of the median fall velocity especially at larger

diameters is not completely reasonable, especially as

the values are within the 60% limit of fall velocity set in

the quality control. The wind speed during events with

larger drops was left skewed distributed. Hence, the

lower fall velocity cannot just be explained by high

wind speed like in Thurai et al. (2019). Splashing from

the housing or a wrong classification by the LPM dis-

drometer could be other explanations. Although large

drops are less often observed, it is still important to

know their correct fall velocity to reduce the uncer-

tainty when using them in cumulative KE values. The

FIG. 7. Scatterplot and linear regression lines between rainfall kinetic energy rate (KER) and rain rate (RR).

The included small figure shows a detailed view of the scatterplot and some of the regression lines within

0 , RR , 6mmh21.

TABLE 5. RMSE and MAE considering different relations between rainfall kinetic energy rate (KER) and RR.

RMSE/MAE (Jm22 h21)

Rain rate specific equations

[Eqs. (13)–(15)]

General equation

[Eq. (12)]

Wischmeier and Smith (1958)

[Eq. (11)]

RR # 1mmh21 2.28/1.40 2.26/1.45 2.44/1.58

1 . RR $ 5mmh21 11.40/7.59 11.21/7.53 12.16/8.73

RR . 5mmh21 42.17/31.23 42.24/31.04 31.23/33.26
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effect of nonspherical drops and assuming an equi-

volumetric diameter on the KE values is not investi-

gated in this study. Fernández-Raga et al. (2010) point

out that the volume of drops is overestimated by

assuming a sphere instead an ellipsoid as a drop shape.

Investigations showed that rain events with high RR

had a low occurrence probability. Such events occurred

only at lowwind speeds. For comparison, the probability

of an increase in rain amount and KE during such con-

ditions was higher (Fig. 5). This picture of decreasing

joint probabilities of observing 10-min intervals, rain

amount or KE during high RR and high wind speeds is

supported by Hasager et al. (2020). They also observe

fewer measurements with increasing RR and wind speed.

Furthermore, the decrease of KE with increasing wind

speed is shown by Kendall’s t values in Table 4. This

result is contrary to the result of Pedersen and Hasholt

(1995), Erpul et al. (2003), and Fox (2004) who state an

increase of KE with increasing wind speed. One possible

explanation for this difference is that they compose the

fall velocity into a vertical component (terminal velocity

in still air) and horizontal component (wind speed)

whereas in this study only the measured vertical compo-

nent of the fall velocity for calculating KE was consid-

ered. Fox (2004) writes that at a certain horizontal wind

speed the KE due to the horizontal wind component

dominates over the KE due to the vertical fall velocity.

This is supported by Pedersen and Hasholt (1995) who

show for example that at lowRR theKE increases from 8

to 112 Jm22mm21 considering a wind speed increase

from 0 to 20ms21. The horizontal component also leads

to an impact angle of the drop related to the surface (e.g.,

Erpul et al. 2003). Furthermore, wind adds not only a

horizontal component but also a vertical component as

investigated for example by Kim and Song (2018).

Investigating the wind speed dependence of the KE

defining parameters mass and velocity helps to under-

stand our result better. The mass can be described with

the parameters Dm and NW. Parameter Dm shows a

decrease while NW increases with increasing winds

speed. Testik and Pei (2017) report the same result

mentioning breakup of drops as a cause. The change of

Dm and NW would lead to a reduction of KE when

keeping the fall velocity constant. In contrast, the pa-

rameter Vm showed an increase with increasing wind

speed. That would lead to an increase of KE when

keeping themass/diameter constant. As a simplification,

one could say that as themass (Dm andNW) goes into the

equation of KE with the power of three, the velocity

(Vm) only with the power of two, the increase of Vm

cannot compensate the reduction of KE due to smaller

Dm. However, one would expect a decreasing Vm due to

decreasing Dm values. In general, an increase of the fall

velocity of drops with increasing wind speed is correct if

considering the resultant fall velocity as vector addition

of vertical and horizontal movements (see Fig. 1 in

Pedersen and Hasholt 1995). Hence, an increase of the

wind speed can compensate the reduction of fall velocity

due to a smaller diameter. Furthermore, Montero-

Martínez and García-García (2016) observe an increase

of the number of drops with superterminal velocity

during high wind speeds for drop diameters smaller than

0.7 mm. They mention that one of the reasons might be

that the drop was involved in a breakup process shortly

before being measured and has still the higher velocity

of its parent drop. Nevertheless, measuring fall veloci-

ties during high wind conditions is challenging and

measurement errors are unavoidable when using a laser

disdrometer like LPM. These measurement errors can

be observed because the drop is not falling in the center

of (Frasson et al. 2011) or with an angle through

(Angulo-Martínez et al. 2018) the laser beam.

It is important to note that situations with a high KE

do not need necessarily lead to erosion of soil or wind

turbine blade material. Factors like impact angle, soil

type/wind turbine blade material, liquid layer on the

surface, or the shape of the drop also play an important

role for the drop impact and therefore in the erosion

process (Yarin 2006).

By training regression equations for different RR

intervals based on measured LPM data from Voulund

to describe a statistical relationship between KER and

RR, we were able to (i) fulfill the requirements of the

residual analysis for regression lines and (ii) reduce

the RMSE compared to the KER–RR relationship

from Wischmeier and Smith (1958). Figure 7 and

Table 5 show clearly that Wischmeier and Smith

(1958) do not describe the relationship between KER

and RR properly in the investigated area. This might

be different for other regions in the world. From lit-

erature it is obvious that the focus is to find a general

KER–RR equation for all RR and less on considering

statistical assumptions or different equations for dif-

ferent RR intervals. In times of higher computational

power the latter reservation should no longer be a

constraint. However, the weakness of the statistical

relationship between KER and RR is that the same

RR can have different underlying DSD. A way to re-

duce the uncertainty could be to add further variables

to the regression equations like Dm as suggested by

Carollo et al. (2017). Wen et al. (2019) present data

from East China and shows that KER–RR relation-

ships based on seasonal data improve the KER esti-

mation as well. Angulo-Martínez and Barros (2015)

mention that the disdrometer sensor also has an in-

fluence on the KER–RR relationship, as DSD from
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different disdrometers do not agree and can lead to

different KER–RR equations for the same location.

5. Conclusions

Rainfall kinetic energy (KE) is one of the main

sources for erosion, both soil erosion and erosion of the

leading edges of turbine blades (LEE). To improve our

understanding of conditions with high KE, we analyzed

6 years of quality controlled Thies Laser Precipitation

Monitor (LPM) disdrometer data and wind data in

Denmark.

The annual and seasonal variations of the drop size

distribution (DSD) and the fall velocity are linked to the

annual and seasonal variations of rainfall kinetic energy

(KE). Furthermore, high cumulative KE in summer are

caused by high values of N(D), while the high cumula-

tive KE in autumn are caused by a high number of

10-min intervals with rain. These results show that in

Denmark KE varied clearly during the year and

therefore also the probability of events with high KE.

Independent of the location, the seasonality aspect is

of interest for the wind turbine blade inspections,

where the status of LEE is usually checked in sum-

mer, and in agriculture, where the ground cover on

the fields becomes less in autumn in the mid- and high

latitudes.

Considering only the 10-min intervals with rain, the

probability of observing rain is highest for a rain rate

(RR) below 1mmh21. In contrast, the probability of an

increase in rain amount or KE is highest for a RR be-

tween 1 and 5mmh21. We also showed that rain events

with RR. 10mmh21 occurred only for wind speeds up

to 9ms21. The probability of observing a 10-min inter-

val with such high RR was lower compared to the

probability of an increase in rain amount or KE. This

result is valuable for investigating the consequences of

decreased tip speeds during severe rain events on the

power production of wind turbines. As decreased tip

speeds lead to lower power production, there is an in-

terest to know the magnitude of power production loss.

Correlations indicate that the vertical component of

KE decreases during events with high wind speeds, be-

cause of DSD changes. This result is in accordance with

literature, where an increase of the horizontal compo-

nent of KE due to the increased horizontal movement is

described. Hence, the impact angle of the drop gets

more important when determining the overall KE. This

aspect is important to consider for LEE, where wind

turbine blades are rotating and the impact angle changes

continuously.

In principle, each rain event has the potential to pro-

vide high KE. As RR from rain gauges and weather

radars are easier available than disdrometer measure-

ments, rainfall kinetic energy rate (KER) is often es-

timated based on RR. An adapted method is presented

to improve the reliability of empirical fits between

these two parameters. Investigations showed that well-

known equation types often do not fulfill statistical

assumptions like residual distribution.

Summarizing, based on the presented results, the

probability of high rainfall kinetic energy is highest in

summer and autumn. The wind reduces the vertical

component but according to literature increases the

horizontal component of KE.
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-------------------------------------------------------------------------------------------------------------------------- 
 
Joined probability values presented in Figure 5 
 

10-min Intervals with rain 

 

0 > RR ≥ 1 
mm/h 

1 > RR ≥ 5 
mm/h 

5 > RR ≥ 10 
mm/h 

10 > RR ≥ 20 
mm/h 

> 20 
mm/h 

0 > WS ≥ 3 m/s 2.4E-01 9.2E-02 8.4E-03 1.8E-03 2.3E-04 

3 > WS ≥ 6 m/s 3.6E-01 1.6E-01 9.0E-03 1.4E-03 2.3E-04 

6 > WS ≥ 9 m/s 7.6E-02 4.5E-02 1.2E-03 4.6E-05 0 

9 > WS ≥ 13 m/s 8.1E-03 5.1E-03 9.2E-05 0 0 

WS ≥ 13 m/s 6.4E-04 6.0E-04 0 0 0 

 
 

Rain amount  

 

0 > RR ≥ 1 
mm/h 

1 > RR ≥ 5 
mm/h 

5 > RR ≥ 10 
mm/h 

10 > RR ≥ 20 
mm/h 

> 20 
mm/h 

0 > WS ≥ 3 m/s 9.1E-02 1.8E-01 5.3E-02 2.2E-02 4.6E-03 

3 > WS ≥ 6 m/s 1.4E-01 2.9E-01 5.4E-02 1.7E-02 5.8E-03 

6 > WS ≥ 9 m/s 3.2E-02 8.4E-02 7.2E-03 5.8E-04 0 

9 > WS ≥ 13 m/s 3.5E-03 9.4E-03 5.0E-04 0 0 

WS ≥ 13 m/s 2.9E-04 1.2E-03 0 0 0 

 
 
 
 
 
 



Rainfall kinetic energy  

 0 > RR ≥ 1 
mm/h 

1 > RR ≥ 5 
mm/h 

5 > RR ≥ 10 
mm/h 

10 > RR ≥ 20 
mm/h 

> 20 
mm/h 

0 > WS ≥ 3 m/s 5.7E-02 1.8E-01 7.4E-02 3.6E-02 9.4E-03 

3 > WS ≥ 6 m/s 8.6E-02 2.8E-01 8.1E-02 2.9E-02 8.8E-03 

6 > WS ≥ 9 m/s 2.3E-02 1.0E-01 1.3E-02 1.1E-03 0 

9 > WS ≥ 13 m/s 3.2E-03 1.5E-02 1.4E-03 0 0 

WS ≥ 13 m/s 2.9E-04 1.6E-03 0 0 0 
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2 
 

Keywords: Z-R relationship, Rainfall kinetic energy, North Sea, Baltic Sea, Wind energy  23 

Abstract  24 

Precipitation is a key driver of leading-edge erosion of wind turbine blades, which leads to a loss in 25 

annual energy production and high cost for repair of wind turbines. Precipitation type, drop size and 26 

their frequency are relevant parameters, but not easily available. Reflectivity-Rain Rate (Z-R) 27 

relationships as well as annual sums of rainfall amount and rainfall kinetic energy potentially could be 28 

used to estimate leading-edge erosion. Although Z-R relationships and amounts are known for several 29 

places, their spatial variation and dependence on weather types is unknown in the North Sea and Baltic 30 

Sea area. We analysed time series of multiple disdrometers located on the coast of North Sea and Baltic 31 

Sea to characterize the variation and weather-type dependence of the Z-R relationship, precipitation 32 

type, rainfall amount and kinetic energy.  33 

The Z-R relationship as indication for the mean drop-size distribution showed small variations within 34 

different locations, but had a large variability for specific, but rare weather types. Only the precipitation 35 

types snow and hail showed some tendencies of weather-type dependence. Rainfall amount and rainfall 36 

kinetic energy were higher for stations in the eastern part of the North Sea compared to the western part 37 

and the Baltic Sea. Highest values were related to advection from the West. Overall, variations with 38 

location and weather type were found. These results will need to be considered in leading-edge erosion 39 

modelling and site assessment.  40 

 41 

 42 

 43 

 44 

 45 

 46 



3 
 

1. Introduction 47 

 48 

The demand for renewable energy is increasing worldwide. To satisfy this demand, many countries plan 49 

to increase the number of wind turbines offshore, where for example the European Union pursues the 50 

goal to increase their wind capacity offshore from 20 GW in 2019 to 450 GW in 2050 (FREEMAN et al., 51 

2019). One of the challenges offshore is leading-edge erosion (LEE) (VERMA et al., 2020). The material 52 

on the leading edge degrades due to the impact of particles, where precipitation particles (e.g. raindrops, 53 

hailstones) play a major role in the erosion process (KEEGAN et al., 2013; SLOT et al., 2015). Negative 54 

consequences of LEE are the reduction of aerodynamic efficiency and a related loss in the annual energy 55 

production (AEP) (e.g. SAREEN et al. (2014)) as well as high costs for repair (MISHNAEVSKY, 2019). 56 

Detailed precipitation data are needed to predict LEE at offshore wind farm sites. The current study 57 

focuses on the spatial variation of relevant precipitation parameters for LEE in the North and Baltic Sea 58 

where the majority of current and future offshore wind turbines in Europe are located.   59 

 60 

The available energy for erosion can be described by the kinetic energy of the particles, which is a 61 

function of its mass and velocity. Models and rain erosion tests show that the particle size is a key 62 

parameter, because different sizes cause different stresses in the material (BECH et al., 2018; VERMA et 63 

al., 2020). The velocity of the impacting particles is the sum of the fall velocity of the particle and the 64 

speed of the wind turbine blade. The blade speed can be more than 10 times higher than the terminal 65 

fall velocity of a precipitation particle (KEEGAN et al., 2013). The cumulative sum of impacts on the 66 

blade is central in the damage models for material degradation (SLOT et al., 2015). To summarize, the 67 

size and density of the precipitation particle as well its velocity and frequency are essential parameters 68 

for LEE. FERNANDEZ-RAGA et al. (2016) and ZAMBON et al. (2020) mention similar parameters to 69 

describe the soil erosion rate. Several statistical relationships between kinetic energy of rainfall and rain 70 

rate exist with respect to erosion (TILG et al., 2020). Such an approach is more difficult for LEE as it 71 

cannot be assumed that the impact velocity is the (terminal) fall velocity of the precipitation particle but 72 

depends also on the speed of wind turbine blades, which is a function of wind speed and turbine type.  73 



4 
 

 74 

The precipitation type governs the density of the precipitation particles. For raindrops the density of 75 

water (1 g cm
-3

) is used and for hailstones values between 0.7 and 0.9 g m
-3

 are assumed (WANG, 2013). 76 

Rain is the dominant precipitation type in North Sea area, because of the temperate climate influenced 77 

by the Gulf Stream. Rain is also assumed to cause most of LEE. TAIT et al. (1999) analyse annual and 78 

monthly rain amount in the North Sea using satellite data and find that precipitation conditions in North 79 

Sea depend on land mass distribution but also on general circulation patterns. Furthermore, they show 80 

that in some years westerlies are less dominant than usual in the North Sea area and causing a different 81 

rain distribution for these years. Other precipitation types occur less frequently, but ice and hail can 82 

cause severe damage of the leading edges during short time (MACDONALD et al., 2016; LETSON et al., 83 

2020). Therefore, it is important to consider the frequency for ice and hail as well. Hail occurs frequently 84 

in the Midwest of the USA where many wind turbines are in operation (LETSON et al., 2020). 85 

Comparable observations on hail events in the North Sea area are not available. PUNGE and KUNZ 86 

(2016) indicate that less hail is observed in Europe as compared to the USA. 87 

 88 

The drop-size distribution (DSD) of raindrops is influenced by the drop formation process and collision 89 

with other raindrops during their way to the ground. The number of drops decrease with increasing 90 

diameter, which is often described with an exponential or gamma distribution. In situ measurements of 91 

DSD offshore are challenging due to harsh environmental conditions and missing infrastructure. There 92 

are only a few measurement campaigns that measured in situ DSD and precipitation type (e.g. BUMKE 93 

and SELTMANN (2012) and KLEPP et al. (2018)). BUMKE and SELTMANN (2012) compare data from 94 

disdrometers installed at research vessels with data from disdrometers installed at land and find no 95 

significant difference in the DSD. The DSD determines other precipitation parameters like reflectivity 96 

(Z) and rain rate (R). While Z is proportional to the 6
th
 moment of the raindrop diameter and sensitive 97 

to large drops, R is proportional to the 3.67
th
 moment of the raindrop diameter and more sensitive to 98 

drops within the 1-3 mm range and the number of drops (SEO et al., 2010).  99 



5 
 

 100 

The Z-R relationship (Z = A*R
b
) describes the empirical connection between these two precipitation 101 

parameters and is usually applied to convert Z measurements of weather radars into R. Especially the 102 

A-value, or prefactor, of the Z-R relationship indicates the presence (or absence) or large drops. In case 103 

the A-value is in the order of 300, convective rain with large drops can be expected. For an A-value 104 

around 50, it is drizzle (HACHANI et al., 2017). According to DOELLING et al. (1998), the b-value, or 105 

exponent, is of less importance, but contains also some information about the DSD. Hence, the Z-R 106 

relationship is another way to derive information of the DSD and could be an option for offshore 107 

precipitation characterisation. DOELLING et al. (1998) present Z-R relationships for North Germany 108 

keeping the b-value fixed at 1.50. In contrast to HACHANI et al. (2017), KIRSCH et al. (2019) find higher 109 

A-values for stratiform rain than for convective rain, but a low variability of the b-value for both rain 110 

types analysing Micro Rain Radar data from North Germany.  111 

 112 

Several studies show that the microphysics of precipitation and therefore DSD of rain vary with 113 

different atmospheric conditions (e.g. HACHANI et al. (2017)). Hence, there exist a lot of values for A 114 

and b for Z-R relationships, apart from the probably most used A-value of 200 and b-value 1.6 attributed 115 

to Marshall-Palmer (IGNACCOLO AND DE MICHELE, 2020). A way to classify different atmospheric 116 

conditions is by a weather type (WT) or sometimes also called weather pattern. FERNANDEZ-RAGA et 117 

al. (2016) and FERNÁNDEZ-RAGA et al. (2020) show that westerlies are dominating in Spain and that 118 

precipitation parameters and soil erosion patterns vary with WT. ANIOL et al. (1980) compare Z-R 119 

relationships of four different WTs in South Germany. They find differences between the A- and b-120 

values, where the values of the two most frequent WTs were quite similar. According to PIOTROWICZ 121 

AND CIARANEK (2020), WT classification is divided into (i) morphological (defined by daily variation 122 

of selected meteorological parameters) and (ii) genetic (defined by synoptic and atmospheric 123 

circulation). BISSOLLI AND DITTMANN (2001) define a WT classification for Germany based on 124 

synoptic parameters, which should also be valid for the coastal parts of North and Baltic Sea. Hence, 125 
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combining WT and Z-R we assume can give valuable information about DSD at certain atmospheric 126 

conditions.  127 

 128 

The aim of this study is to analyse the location- and weather-type dependence of Z-R relationships and 129 

other precipitation parameters using disdrometer measurements at coastal stations of North and Baltic 130 

Sea and the mentioned weather-type classification of BISSOLLI AND DITTMANN (2001). We see Z-R 131 

relationships as another way to describe the DSD for estimating LEE. We assume that the Z-R 132 

relationships considering all measurements are quite similar for coastal stations at North Sea and Baltic 133 

Sea, because BUMKE AND SELTMANN (2012) found no major differences in DSD between land and sea. 134 

In contrast, we expect that Z-R relationships of specific WTs might vary considerable because of 135 

different atmospheric conditions. Furthermore, we investigate the variance of precipitation type, rainfall 136 

amount and rainfall kinetic energy for different WTs in North Sea and Baltic Sea area. Following TAIT 137 

et al. (1999), we expect that most precipitation is related to westerlies.  138 

 139 

The paper is structured as followed: Chapter 2 gives an overview about the used data. Methods in 140 

Chapter 3 include the calculation of the analysed precipitation parameters as well as the description of 141 

the used weather-type classification. The results in Chapter 4 present the location and weather-type 142 

dependence of the Z-R relationships, precipitation type, rain amount and rainfall kinetic energy for the 143 

analysed stations. The paper ends with a discussion in Chapter 5 and a conclusion in Chapter 6.  144 

 145 

2. Data and Quality control  146 

 147 

For this study disdrometer measurements were analysed as they measure the number of precipitation 148 

particles as well as their size and fall velocity. These data also allow to classify the precipitation particle 149 

type and the calculation of the parameters Z, R, rainfall amount and rainfall kinetic energy as they are 150 
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integral parameters of the DSD. Data originated from the two disdrometer devices Thies Laser 151 

Precipitation Monitor (LPM), henceforward Thies, and Ott Parsivel
2
, henceforward Ott. Both types 152 

generate a horizontal light plane by a laser between a transmitter and receiver. The number, size and 153 

fall velocity of precipitation particles is determined based on the amplitude and duration of the 154 

attenuation of the laser beam when a particle falls through it.  155 

 156 

However, there are a few differences between the devices such as the wavelength of the used laser 157 

(Thies: 785 nm, Ott: 650 nm) and the housing of the sensors. Thies has 22 diameter (0.1875 mm to ≥ 158 

8.000 mm) and 20 velocity (0.100 m s
-1

 to 15.000 m s
-1

) classes with varying class width and hence 440 159 

classes in total to refer measured precipitation. Ott has 32 diameter (0.062 mm to 24.500 mm) and 32 160 

velocity (0.050 m s
-1

 to 20.800 m s
-1

) classes with varying class width and hence 1024 classes in total. 161 

For both devices the mean value of the class is given. The performance of both devices has been focus 162 

of several studies (e.g. FRASSON et al. (2011), RAUPACH AND BERNE (2015), JOHANNSEN et al. (2020)). 163 

ANGULO-MARTÍNEZ et al. (2018) find that Thies measures more small drops while Ott measures more 164 

large drops. According to FEHLMANN et al. (2020) the distinction of rain and snow of Thies is similar 165 

to the measurements of the two-dimensional video disdrometer (2DVD) (KRUGER AND KRAJEWSKI, 166 

2002)  167 

 168 

Measurements from 13 different stations in three different countries have been analysed. All of them 169 

are at the coast or close to the coast of the North and Baltic Sea where a many offshore wind turbines 170 

are installed (Figure 1):   171 

 Denmark: Data from six Danish stations were provided by Danmarks Tekniske Universitet (DTU) 172 

and Danmarks Meteorologiske Institut (DMI) and included six datasets measured with Ott in Horns 173 

Rev 3 (offshore wind farm), Hvide Sande, Risø, Rødsand (offshore wind farm), Thyborøn, Voulund 174 
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and one dataset measured with Thies in Voulund. In Voulund the device was changed from Thies 175 

to Ott in 2018.  176 

 Germany: Data from six German stations was provided by Deutscher Wetterdienst (DWD) and 177 

included datasets measured with Thies in Arkona, Bremerhaven, Fehmarn, Helgoland, Marnitz and 178 

Norderney.  179 

 United Kingdom (UK): Data measured with Thies in Weybourne in the UK was available via the 180 

Natural Environment Research Council's Data Repository for Atmospheric Science and Earth 181 

Observation, also known as CEDA archive (NATURAL ENVIRONMENT RESEARCH COUNCIL et al., 182 

2019).  183 

 184 

Quality control of the disdrometer data were done in three steps. Data were checked related to (i) non-185 

precipitation data by using internal quality parameters, (ii) correct precipitation type comparing surface 186 

synoptic observation (SYNOP) code from the disdrometer with the probability for specific precipitation 187 

type using temperature and relative humidity and (iii) limits of size and terminal velocity of raindrops. 188 

The necessary temperature and relative humidity data were available via the Open Data Server from 189 

DWD for the German stations, via CEDA for the UK station (BANDY, 2002) and on request for Danish 190 

stations. Due to high amounts of missing values and data quality issues only the eight stations Arkona, 191 

Fehmarn, Helgoland, Marnitz, Norderny, Risø, Voulund (time series with Thies) and Weybourne were 192 

used for further analysis. For further information about the quality control, the reader is referred to the 193 

Appendix.   194 

 195 

3. Methods  196 

 197 

The applied weather-type (WT) classification is based on BISSOLLI AND DITTMANN (2001). The 198 

temporal resolution of this WT classification is one day, where values from 12 UTC are used for 199 
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classification. The authors use five letters to describe the atmospheric conditions. The first two letters 200 

describe the advection direction (horizontal wind direction in 700 hPa), the following two letters 201 

describe the cyclonality in 950 and 500 hPa and the last letter the humidity (precipitable water in the 202 

troposphere above or below to the long-term mean of 1979 to 1996). There are following options for 203 

each of the letters:  204 

 Advection: NE (northeast), SE (southeast), SW (southwest), NW (northwest), XX (no prevailing 205 

wind direction in case less than two thirds of the grid points have wind from the same direction)  206 

 Cyclonality: anticyclonic (A; large-scale circulation in clockwise direction), cyclonic (C; large-207 

scale circulation in anti-clockwise direction)  208 

 Humidity: wet (W), dry (D)  209 

All possible combinations lead to a total number of 40 weather types (WTs). For example, the WT with 210 

the abbreviation NWAAW describes an advection from northwest (NW), the cyclonality in 950 and 211 

500 hPa is anticyclonic (AA) and a wet atmosphere (W). The WT with the abbreviation SECAW 212 

describes an advection from southeast (SE), the cyclonality in 950 hPa is cyclonic (C), the cyclonality 213 

in 500 hPa is anticyclonic (A) and a wet atmosphere (W).  214 

 215 

Quality controlled disdrometer data with a temporal resolution of 1 minute were used to calculate LEE 216 

relevant precipitation parameters.  217 

 218 

The relationship between Z and R is usually described with a power law:  219 

𝑍 = 𝐴 ∗ 𝑅𝑏            (1)  220 
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with A as the prefactor and b as the exponent. Both, Z and R, depend on the DSD, often described with 221 

a drop concentration N(D
i
) (m

-3
 mm

-1
). For this study N(D

i
) was calculated using the parameterization 222 

approach from ULBRICH AND ATLAS (1998) considering only rain, where  223 

𝑁(𝐷) =  𝑁0 ∗ 𝐷𝜇 ∗ 𝑒−Λ𝐷           (2) 224 

with D as diameter (mm), N
0
 as intersect (m

-3
 mm

-1
), μ as shape factor, and Λ as slope (mm

-1
). It is a 225 

further quality control step, because some measured data had no gamma distribution and could not be 226 

fitted with this approach, probably because the measurements did not originate from rain. The rain rate 227 

R (mm h
-1

) was then calculated based on SEO et al. (2010):  228 

𝑅 = 6 ∗ 𝜋 ∗ 10−4 ∗ ∑ 𝑁(𝐷𝑖) ∗ 𝐷𝑖
3 ∗ 𝑣𝑡 ∗ ∆𝐷𝑖𝑖         (3) 229 

with D
i
 being the mean drop diameter in class i (mm), v

t
 being the mean drop fall velocity in velocity 230 

class j (m s
-1

) and ΔD being the diameter interval (mm). The reflectivity Z (mm
6
 mm

-3
) was calculated 231 

as follows (SEO et al. 2010):  232 

𝑍 = ∑ 𝑁(𝐷𝑖) ∗ 𝐷𝑖
6 ∗ ∆𝐷𝑖𝑖           (4) 233 

To determine the A- and b-value of the Z-R relationship, a nonlinear fitting with Z as independent 234 

variable was performed. This was done using R 4.0.1 (R CORE TEAM, 2020) and the function nls in the 235 

stats package. ALFIERI et al. (2010) show that a linear regression of log(R) and log(Z) is suboptimal. 236 

For each station a Z-R relationship was fitted using all 1-minute measurements, independent of the WT 237 

classification or event. Furthermore, separate Z-R relationships were fitted using only Z and R values 238 

related to the specific WT. To calculate the Root Mean Square Error (RMSE) between measured R and 239 

R based on the fitted Z-R relationship, 75% of the data were used for fitting the A- and b-value, the 240 

remaining 25% for an independent calculation of error (training and validation dataset). Only 241 

measurements with R > 0.1 mm h
-1

 were considered. If the number of training values was below 50, no 242 

fitting was done. Therefore, not all stations had Z-R relationships for all WTs. The RMSE is defined 243 

as:  244 
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𝑅𝑀𝑆𝐸 =  
1

𝑛
√∑ (𝑦𝑖 − 𝑜𝑖)2

𝑖           (5) 245 

where y is the calculated R, o the measured R and n the number of pairs. For the calculation of the 246 

RMSE it was assumed that the measured R was the calculated R based on the parameterized DSD 247 

calculated with equation (3).  248 

 249 

Rainfall amount (AMT; mm) is the volume of all measured raindrops and was calculated using 250 

disdrometer data and following equation:  251 

𝐴𝑀𝑇 =  
1

𝐴
∗

𝜋

6
∗ ∑ 𝑛𝑖 ∗ 𝐷𝑖

3
𝑖           (6)  252 

where A is the measuring area (m
2
) and n the number of drops. To get a mean annual rainfall amount 253 

for each station although having incomplete years, following procedure was applied: (i) Sum of rainfall 254 

amount over whole available time period, (ii) Number of days between first and last observation, (iii) 255 

Division of overall rainfall amount by number of observation days and multiplication of this value with 256 

365 to get mean annual rainfall amount. The annual mean value should not be influenced so much by 257 

gaps, because only stations with a low amount of missing values were selected.    258 

Rainfall kinetic energy per area (KE, J m
-2

) is based on PETRŮ AND KALIBOVÁ (2018):    259 

𝐾𝐸 =
1

𝐴

𝜌∗𝜋

12
∑ ∑ 𝑛𝑖𝑗 ∗ 𝐷𝑖

3 ∗ 𝑣𝑗
2

𝑗𝑖          (7)  260 

where ρ is the water density (kg m
-3

). For this study the fall velocity of the raindrops measured by the 261 

disdrometer was used for the KE calculation. Hence, only the KE provided by rainfall was analysed. 262 

To calculate the mean annual KE, the same procedure was applied as for the mean annual rainfall 263 

amount.  264 

 265 

A probability was calculated to investigate the frequency that for a certain WT precipitation was 266 

registered or a certain precipitation type occurred:  267 
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𝑃 =
# 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠 𝑓𝑢𝑙𝑓𝑖𝑙𝑙𝑖𝑛𝑔 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠

# 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠 
        (8) 268 

 269 

4. Results  270 

 271 

4.1. Z-R relationship  272 

 273 

The A- and b-values of the location-specific Z-R relationship were fitted using quality controlled 1-274 

minute disdrometer data and considering only rain. To evaluate the dependence on WTs, separate A- 275 

and b-values were fitted using only data measured during the specific WT. Figure 2 shows the 276 

distribution of the fitted A- and b-values for each location. The points present the A- and b-values based 277 

on all measurements independent of the WT. The A-values vary between 164 (Marnitz) and 233 278 

(Weybourne). The higher (lower) A-value might be due to slightly larger (smaller) mean drop diameters 279 

at Weybourne (Marnitz). The b-values varied between 1.74 (Helgoland) and 1.88 (Voulund) and were 280 

quite similar. The horizontal and vertical bars indicate the range of A- and b-values of the analysed 281 

WTs. The station Weybourne had the largest spread of A-values with values between 21 and 699. The 282 

station Risø had the largest spread of b-values with values between 0.81 and 2.81. The bars of the 283 

remaining stations cover a similar range of values. The A- and b-values of station Fehmarn for WT 284 

NEAAD were not considered in Figure 2, because the A-value with 2997 and the b-value with 3.15 285 

were much higher compared to the other fitted values. These high values might be caused by the fact 286 

that only R values below 1 mm h-1 were measured during this WT. All fitted A- and b-values can be 287 

found in the Appendix.  288 

 289 

The WT-dependence of A and b at the different locations is investigated more deeply next. Figure 3 290 

shows a box-whiskers plot of the A- and b-values for each WT. The box represent the values within the 291 

first and third quartile and with the thick line being the median. The whiskers are 1.5 times the 292 
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interquartile range (IQR) above the third quartile and below the first quartile, where the interquartile 293 

range is the difference between the third and first quartile. Values above or below the whiskers are 294 

classified as outliers. That means that a small box and short whiskers indicate a small variability of the 295 

values, while a large box and large whiskers indicate a large variability. The box-whiskers plots were 296 

overlaid with the WT-specific A- and b-values of the stations. For five WTs (SEACD, NEACW, 297 

SEACW, NECAD, NECAW) no station had the required number of 50 measurements to fit the Z-R 298 

relationship. For three WTs (SEAAD, SEAAW and SECAD) it was only station Weybourne that had 299 

enough measurements to fit the A- and b-values of the Z-R relationship.  300 

 301 

For 26 out of 32 WTs the median of the A-values had a value of 200 +/- 50. Two WTs (NEAAW and 302 

XXCAW) had a median below 150 and two WTs (XXACW and SECCD) had a median above 250. 303 

Higher (lower) A-values indicate that a higher (lower) amount of large raindrops was observed during 304 

these WTs, maybe related to more (less) convective rain. Although the similar median values support a 305 

small variability between WTs, the difference between the highest and lowest A-value of each WT 306 

showed a large variability between the stations for some specific WTs.  While 8 out of 32 WTs had a 307 

maximum-to-minimum difference below 100, four WTs (NEAAD, NEACD, NECCD and SECCD) had 308 

a difference above 500. These high variations would lead to the assumption that the underlying DSD of 309 

the stations was quite different for the same WT.  310 

 311 

The majority of the median b-values were within 1.90 +/- 0.30. Two WTs (NWCAD and SECCD) had 312 

a median b-value above 2.20, while two WTs (SECAW and NECCW) had a median b-value below 313 

1.70. Equal to the A-value, the maximum-to-minimum difference of the b-values of the stations was 314 

quite high for some WTs. The difference included values between 0.20 for WT SWCCW and 1.72 for 315 

WT XXCAD.  316 

 317 
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A comparison of WTs with a high variation for different locations showed that they (i) often had a high 318 

variability of A- and b-value (e.g. WTs NEAAD, XXCAD or SECCD) and (ii) were often fitted with 319 

the minimal number of 50 observations or only slightly more. The low number of observations leads to 320 

the assumption that the specific WT occurred rarely. This will be investigated further in the next chapter. 321 

To summarize, the A- and b-values varied to a certain degree between the locations for all WTs, where 322 

only for a few WTs the values varied considerable between different locations.   323 

 324 

The variability of A- and b-values can be compared with the variability of the mean DSD, as Z and R 325 

depend on the DSD. As an example, Figure 4 shows the mean 1-minute parameterized DSD of the WTs 326 

NWAAW and SECCD. The parameterization of the DSD was done following the steps described in  327 

ULBRICH AND ATLAS (1998). While the WT NWAAW had a low variability of A- and b-values between 328 

the stations, SECCD had one of the largest variabilities of A- and b-values. The values of the drop 329 

concentration showed a similar picture. For the WT NWAAW the difference between the drop 330 

concentrations of the stations was small. The larger deviation at small diameters between the station 331 

Risø and the other stations might be due to the installed Ott disdrometer at Risø. In contrast, for the WT 332 

SECCD there were quite some differences between the drop concentrations at all diameters. The number 333 

of 1-minute observations available to calculate the A- and b-values were much higher for the WT 334 

NWAAW (min. 6466) compared to WT SECCD (max. 496). A- and b-values could not be fitted for 335 

Helgoland and Risø for WT SECCD, because the length of the training dataset (75% of all observations) 336 

was below the threshold of 50 observations.  337 

 338 

A performance indication of the fitted A- and b-values is the error between measured and calculated R. 339 

In Figure 5 the distribution of the Root Mean Square Error (RMSE) between the measured R and the 340 

calculated R for all WTs is shown using box-whiskers plots. The RMSE was calculated for each station 341 

and WT using the validation dataset. The fitted A- and b-values and the A- and b- value based on 342 

Marshall-Palmer, respectively, were used to calculate R. The applied Marshall-Palmer values were: A 343 
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= 200, b = 1.6 (MARSHALL et al., 1955). The median of the RMSE values, indicated by the black thick 344 

line in Figure 5, was lower for R using WT dependent A- and b-values compared to the R using 345 

Marshall-Palmer. The median RMSE varied between 0.60 (Risø) and 1.12 (Helgoland) using the fitted 346 

A- and b-values and between 0.63 (Risø) and 1.33 (Helgoland) using MARSHALL et al. (1955). For the 347 

station Risø the RMSE of WT XXCAD was not considered for Figure 5 as it was with a value of 68 348 

much higher compared to the other RMSE values. This high RMSE might be caused by three Z values 349 

> 2000 in the validation dataset that lead to high R values applying equation (1) and the fitted A- and 350 

b-values. In comparison, the measured R values were low. Overall, the lower error for R calculated with 351 

WT-dependent A- and b-values indicates a higher accuracy compared to R values calculated with a 352 

standard Z-R relationship.  353 

 354 

4.2. Dependence of precipitation probability on weather type  355 

 356 

To find WTs with the highest precipitation probability considering all precipitation types, for each 357 

station the cumulative number of minutes with precipitation was related to the cumulative number of 358 

minutes with precipitation for a specific WT (Figure 6). It was found that only two WTs (SWAAW, 359 

NWAAW) had probabilities above 0.14 to observe precipitation. For another three WTs (NWACD, 360 

SWCAW and SWCCW) the probability was between 0.093 and 0.14. The probability to observe 361 

precipitation of any kind in one of these five WTs was between 0.44 (Weybourne) and 0.59 (Risø). For 362 

comparison, WTs with a large spread of fitted A- and b-values of the Z-R relationship (e.g. NEAAD, 363 

XXCAD and SECCD) had a probability below 0.01. Low probabilities or a complete absence of 364 

precipitation was observed for four WTs (SEAAW, NEACW, SEACW and NECAW). For one WT 365 

(NECAD) no station observed any precipitation during the analysed time period. This analysis shows 366 

that precipitation observations were dominated by WTs with SW and NW advection. 367 

 368 
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4.3. Distribution and weather-type dependence of precipitation 369 

types  370 

 371 

As mentioned, occurrence of hail (and ice) can be harmful for LEE. Therefore, it is necessary to 372 

investigate the distribution of different precipitation types on the overall time with precipitation. Table 373 

1 gives an overview of the cumulative number of minutes with precipitation, which depends on the 374 

length of the available time series, and its distribution over the five different precipitation groups. The 375 

precipitation type rain was observed most often with a percentage between 90.03% (Arkona) and 376 

95.83% (Weybourne). The precipitation type snow was observed second-most and between 8.57% 377 

(Arkona) and 2.22% (Helgoland) of the analysed precipitation time. Except for Norderney and Risø, 378 

these two precipitation types were observed in more than 98% of the time with precipitation. The 379 

remaining precipitation types, mixed (rain and snow at the same time), ice and hail, occurred between 380 

1.60% (Norderney, ice) and 0.03% (Arkona, hail) of the time. The stations Norderney and Weybourne 381 

had in comparison to the other stations a high percentage of the precipitation type ice.  382 

 383 

To investigate the dependence of the precipitation type on the WT, the probability between the number 384 

of minutes with precipitation for one specific WT and the number of minutes with a specific 385 

precipitation type for one specific WT was calculated. Figure 7 shows the probability to observe a 386 

specific precipitation type depending on the WT.  387 

 388 

For the precipitation types mixed, ice and hail single high probabilities compared to rain and snow were 389 

observed. For the precipitation types rain, snow and hail some dependence on the WT can be seen in 390 

Figure 7. Some WTs with advection from east and no prevailing advection direction, respectively, had 391 

a lower probability of rain but a higher probability of snow. The precipitation type hail occurred mostly 392 

related to WT with advection from NW or SW. 393 

 394 
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As already shown in Table 1, the probabilities to measure rain or snow were highest. Hence, it is not 395 

surprising that most WTs had the highest probability to observe rain. Apart from 0, the lowest 396 

probability was 0.077 (Marnitz, SEACD) and multiple stations and WTs had a probability of 1. A 397 

probability of 1 means in this connection that precipitation occurred only as rain and no other 398 

precipitation type was observed during this WT.  399 

 400 

As the top right plot in Figure 7 shows, for two WTs (NEACD, XXCAD) half or more of the stations 401 

had a probability higher than 0.5 to observe snow. This high probability means that in case this WT was 402 

observed during half of the time or more the registered precipitation type was snow. For the WT SEACD 403 

the station Voulund had even a probability of 1 to observe snow.  404 

 405 

In case of the precipitation type mixed (centre left in Figure 7), the stations Helgoland and Risø are 406 

outstanding. In case of station Helgoland, 19 out of 60 minutes with precipitation during WT SEACD 407 

were classified as mixed and led to a probability of 0.317. In case of station Risø, the highest probability 408 

was also calculated for the WT SEACD with 0.717 where 38 out of 53 minutes where classified as 409 

mixed. The ratio was similar for the other two WTs showing also a high probability of mixed. The 410 

remaining probabilities to observe mixed were below 0.115.  411 

 412 

The probability to observe precipitation in form of ice was except for the stations Arkona (WT 413 

XXACW) and Risø (WT XXCAW) below 0.147 (centre right in Figure 7). The probability of 0.375 at 414 

station Arkona for the mentioned WT was caused by the ratio of 8 minutes precipitation to 3 minutes 415 

with ice. The probability of 1 at station Risø was a special case, because only one minute with 416 

precipitation was observed for this specific WT and the precipitation of this single minute was classified 417 

as ice. Highly likely the quality control was not able to identify this measurement as non-ice 418 

precipitation. 419 
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 420 

According to the bottom plot in Figure 7, the probability to observe hail was below 0.008 except for the 421 

station Risø (WT XXCAW). The probability of 0.059 at Risø was caused by the relation of 1 minute 422 

with hail to 17 minutes with precipitation in total.  423 

 424 

To summarize, low number of observations had a high impact on the probability of ice, mixed and hail. 425 

Interestingly, it was Risø, which was equipped with an Ott that provided some unexpected high 426 

probabilities for these precipitation types.  427 

 428 

4.4. Weather-type dependence of annual rainfall amount and 429 

rainfall kinetic energy  430 

 431 

For a siting assessment of wind turbines related to LEE, not only information of the DSD might be 432 

relevant but also cumulative values of rainfall amount or rainfall kinetic energy (KE). Figure 8 shows 433 

the mean annual rainfall amount and KE per WT. Only rain was considered for both parameters and 434 

KE was calculated using the measured fall velocity of the raindrops. As the analysed time series had a 435 

different length, a mean daily value was calculated and multiplied with 365 to get the mean annual 436 

rainfall amount and KE, respectively.  437 

 438 

The mean annual values were higher at stations close the eastern part of the North Sea (Helgoland, 439 

Norderney and Voulund) with values above 700 mm / 8500 J m
-2

. In contrast, stations at or close to the 440 

Baltic Sea or the western part of the North Sea (Arkona, Fehmarn, Marnitz and Weybourne) had values 441 

below 550 mm / 7500 J m
-2

. Interestingly, Weybourne had a higher KE although having a similar rainfall 442 

amount as the other stations. This example shows that the ratio between rainfall amount and KE was 443 
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not the same for all stations. The difference is caused by a higher number of larger raindrops (with 444 

higher fall velocity) in Weybourne as already indicated by the higher fitted A-value in section 4.1. The 445 

low value of rainfall amount and KE at the station Risø might have different reasons. As the angle 446 

between the disdrometer and the surrounding obstacles was equal or above 30° in most directions, the 447 

disdrometer installed at Risø was quite sheltered.   448 

 449 

The absolute rainfall amount per WT varied between the lower threshold of 0.01 mm and 113 mm 450 

(Voulund, SWAAW). Five WTs (SWAAW, NWAAW, SWACD, SWCAW and SWCCW) registered 451 

rainfall amounts above 84 mm. Furthermore, these five WTs provided together between 50 (Marnitz) 452 

and 58% (Voulund) of the annual rainfall amount at all stations. These WTs were also WTs with the 453 

highest probability to be observed (see Figure 6). The pattern is similar for KE, where values up to 1480 454 

J m
-2

 (Voulund, SWAAW) were calculated for a single WT. Four WTs (SWAAW, SWACD, SWCAW, 455 

SWCCW) had values above 1110 J m
-2

 and contributed between 40 (Arkona) and 53% (Weybourne) to 456 

the overall KE per station. For six WTs (SEAAD, SEAAW, NEACW, SEACW, NECAD, NECAW) 457 

the majority or all of the stations registered no or negligibly rainfall amount and KE, respectively. 458 

Hence, both parameters were dominated by rain related to advection from Southwest (SW). 459 

Furthermore, the comparison shows that a similar rainfall amount can lead to different values of KE.  460 

 461 

5. Discussion  462 

 463 

The erosion of the leading edges of wind turbine blades is caused by the impact of hydrometeors. To 464 

estimate spatial variations of precipitation parameters relevant for LEE, several parameters like Z-R 465 

relationship, precipitation type and rainfall amount were analysed regarding their variation with location 466 

and weather type (WT). We showed that the Z-R relationship of eight analysed stations was similar but 467 

varied considerable for some WTs. WTs with advection from NW and SW were most dominant and 468 
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provided the majority of annual rainfall amount and rainfall kinetic energy. Rain and snow were 469 

observed around 98% of the time, precipitation in form of ice and hail during the rest of the time.   470 

 471 

All shown results were based on measurements with the disdrometers Thies LPM and Ott Parsivel2. 472 

ANGULO-MARTÍNEZ et al. (2018) report that the Thies measures more small raindrops than Ott, while 473 

Ott tends to underestimate the fall velocity compared to a theoretical fall velocity model and Thies. 474 

They show that this behaviour has implications for all DSD-dependent precipitation parameters like 475 

rain rate. As the real ground truth of precipitation is not known, it is difficult to quantify the uncertainty 476 

of both sensors in absolute numbers. RAUPACH AND BERNE (2015) propose an algorithm to correct the 477 

measured drop fall velocity of an Ott using data of a two-dimensional video disdrometer (2DVD). 478 

According to them, this correction algorithm is applicable to different disdrometer types and locations 479 

and increases the accuracy of DSD-based precipitation parameters. ADIROSI et al. (2018) conclude that 480 

for establishing long-term radar algorithms the disdrometer type plays a smaller role than for analysing 481 

the microphysics of a single event. As the focus of the above presented results was on long-term values, 482 

their conclusion are positive news for this study.   483 

 484 

Despite the applied quality control of the disdrometer data, it was not possible to avoid having non-485 

precipitation particles in the applied DSD. In case of the Z-R fitting procedure, the parameterisation of 486 

the DSD for calculating rain rate and reflectivity, worked as additional quality control step. In case of 487 

the precipitation type only the plausibility of observing a specific type was investigated, but not the 488 

plausibility of precipitation itself. The latter would have only been possible using data from other 489 

sensors, which were not available for all stations. Such non-precipitation particles led to some 490 

unrealistic results, as already indicated in the previous section (Figure 7). An additional problem related 491 

to the precipitation type is that Thies and Ott store only the highest WMO SYNOP value, although 492 

different WMO SYNOP values and therefore precipitation types can occur at the same time (e.g. rain 493 

and hail during a thunderstorm). Furthermore, precipitation type statistics from disdrometers give only 494 
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a very local impression especially in relation to ice or hail. In general, events with hail are not that 495 

frequent and often quite local. Hence, it is not very likely to observe hail within the small measurement 496 

area of the disdrometer (0.0054 m
2
 for Ott and 0.00456 m

2
 for Thies). To confirm such results, 497 

observations should be validated with human observers or data from dual-polarization weather radars.  498 

 499 

Not only non-precipitation particles in the dataset, but also the duration of the time series, the related 500 

frequency of specific WT and occurrence of extreme values (low or high) can lead to uncertainties in 501 

the results. For example, in case of the station Fehmarn a lot of low R values were measured during a 502 

WT with low probability (NEAAD) and caused A- and b-values varying strongly from the other values. 503 

DOELLING et al. (1998) mention that small samples can produce a statistical variability that could be 504 

wrongly interpreted as natural variability. Hence, one needs to be cautious in analysing and interpreting 505 

data from infrequent WT and precipitation types. Furthermore, the decision of lowest / highest threshold 506 

of valid R values can influence the fitted values.  507 

 508 

A drawback from the applied weather-type classification is that the WT is assigned every day at 12 509 

UTC. It can happen that the synoptic conditions changed before or after that time and would require 510 

allocating measured precipitation to another WT.  511 

 512 

The range of fitted A-values of all stations varied between 164 and 233 using all 1-minute measurements 513 

independent of the WT and was therefore around the frequently used A-value of 200 (MARSHALL et al., 514 

1955). The fitted b-values (1.74-1.88) are slightly above the frequently used b-value of 1.6 (MARSHALL 515 

et al., 1955). While MARSHALL AND PALMER (1948) publish an A-value of 220 and a b-value of 1.60, 516 

MARSHALL et al. (1955) mention revised values of A=200 and b=1.6 for the Z-R relationship. The low 517 

variation between the different locations follows the assumption based on BUMKE AND SELTMANN 518 
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(2012) who state a low variation of DSD between sea and land considering data from North and Baltic 519 

Sea.  520 

 521 

The dependence of fitted A- and b-values on the WT was less pronounced as expected, as especially 522 

the median values of A and b were within the same range. WTs with a lot of observations had a smaller 523 

difference between highest and lowest A- and b-value compared to WTs with a low number of 524 

observations. However, for some of these rare WTs only low R were measured, which indicates some 525 

kind of dependence on the WT. ANIOL et al. (1980) also find a WT-dependence of the A- and b-values 526 

analysing measurements in South Germany. Similar to this study the A- and b-values of frequent WTs 527 

have a small difference. It is interesting to note that their weighted mean A-value is higher (256) and b-528 

value is lower (1.42), respectively, compared to the values of this study. This indicates that in South 529 

Germany more large drops are measured. This is not surprising, because already BRINGI et al. (2003) 530 

have shown that the mass-weighted mean drop size is larger for continental locations than for maritime 531 

locations. HACHANI et al. (2017) find no strong dependence of the Z-R relationship on specific WTs, 532 

but on the rainfall types like stratiform and convective. This is supported by KIRSCH et al. (2019) and 533 

other studies that show a clear difference of the A- and b-values for convective and stratiform rain. 534 

Frequent WTs might experience both, convective as well as stratiform rain, and the resulting A- and b-535 

values represent an average condition. These relations indicate that probably no rain type is dominant 536 

for frequent WTs but for rare WTs. However, based on the results in this study it is not completely clear 537 

if the high (low) variability of some WTs is related to a low (high) number of observations or caused 538 

by different (same) and re-emerging DSD at the stations. 539 

 540 

For all stations rain occurred in more than 90% of the time, the percentage of snow was quite variable 541 

with lower percentages for stations at the North Sea coast. The dominance of rain is not surprising as 542 

temperature is mostly above freezing level. Lower temperatures at stations inland and continental 543 

influence related to advection from the east cause higher snow fractions for stations inland and at the 544 
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coast of the Baltic Sea. Ice and hail are not so frequent as atmospheric conditions usually do not favour 545 

the formation of it (e.g. PUNGE AND KUNZ (2016)). LICZNAR AND KRAJEWSKI (2016) find a similar 546 

fraction of mixed and hail analysing data from an Ott in Warsaw. However, it is unclear to which extend 547 

hail and ice particles were recorded correctly. PICKERING et al. (2019) mention some difficulties of the 548 

Thies to classify graupel.   549 

 550 

The annual rainfall amount and rainfall kinetic energy (KE) had higher values in the eastern part of the 551 

North Sea compared to lower values in the western part of the North Sea and the Baltic Sea. The increase 552 

of rainfall amount from west to east across the North Sea is already mentioned by TAIT et al. (1999) 553 

who analyse satellite rainfall data. The absolute values of the rainfall amount of the stations in Germany 554 

are in accordance with reported values of around 700 to 800 mm on the coast of the North Sea and 550 555 

to 600 mm on the coast of the Baltic Sea (DEUTSCHER WETTERDIENST, 2020). As already mentioned 556 

the disdrometer installed at station Risø was quite sheltered and is therefore not representative. 557 

DAVISON et al. (2005) estimate the monthly KE based on average daily rainfall data in England and 558 

Wales and find values between 375 and 625 J m
-2

 for the area of Weybourne. These values give an 559 

annual value up to 7500 J m
-2

, which is comparable to the calculated value in this study.  560 

 561 

However, one could argue that the calculated KE is not the kinetic energy of drops that impact the 562 

turbine blade as only the measured fall velocity was used to calculate that. One of the challenges with 563 

calculating the actual impact velocity of the drops is that this velocity depends on the tip speed of the 564 

wind turbine which itself is a factor of the wind speed and the wind turbine type (HASAGER et al., 2020). 565 

To calculate the impact velocity, the wind speed at hub-height and turbine operation including rotational 566 

speed and blade length is needed. Typical meteorological wind speed measurements on the ground do 567 

not represent correctly the wind speed at the turbine height as wind speed increases with increasing 568 

distance from the surface. Furthermore, meteorological stations are not located offshore. LETSON et al. 569 

(2020)  use wind speed from radars. Alternatively, modelled winds could be used for the offshore 570 
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environment. Ideally though would be to combine blade speed from wind farm operation with the Z-R 571 

based KE information at wind farm sites to assess and predict LEE.  572 

 573 

In general, by disregarding all precipitation types except rain for calculating the rainfall amount and the 574 

rainfall kinetic energy, both values might be slightly underestimated as rain of events with mixed 575 

precipitation is missing. 576 

 577 

WTs with advection from NW and SW were dominating the precipitation probability as well as the 578 

annual rainfall amount and annual KE. That is not surprising as the weather is dominated by westerlies 579 

(TAIT et al., 1999). FERNANDEZ-RAGA et al. (2016) and FERNÁNDEZ-RAGA et al. (2020) also find high 580 

rain values for westerly directions in Spain.  581 

 582 

6. Conclusion  583 

 584 

The impact of precipitation particles cause degradation of the leading edge of wind turbine blades, better 585 

known as leading-edge erosion (LEE). To understand the role of precipitation on LEE better, we 586 

investigated the variation of relevant precipitation parameters with location and weather types (WTs). 587 

The focus was on analysing Z-R relationships and precipitation type as well as on annual rainfall amount 588 

and annual rainfall kinetic energy. As LEE seems to be more severe offshore, we chose the area of 589 

North Sea and Baltic Sea with several wind farms installed as investigation area. As there are only 590 

limited offshore in situ precipitation measurements available, we focused on data from coastal stations.  591 

We found that the variations of the A- and b-values of the Z-R relationship fitted using all 1-minute 592 

measurements varied only slightly between the stations. This result supports our hypothesis that the 593 

mean microphysics and therefore drop-size distributions (DSD) at the stations are quite similar. The Z-594 

R relationships fitted for specific WTs varied notable for some WTs. It is not clear if the WT or the low 595 
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number of measurements for fitting the A- and b-value causes this larger variability. Hence, further 596 

research is needed on that. Furthermore, we showed that using WT-dependent Z-R relationships 597 

improve the estimation of R based on Z compared using the Marshall-Palmer values. The most frequent 598 

measured precipitation type was rain and drizzle, followed by snow. Other precipitation types like ice 599 

and hail were measured only for a few minutes each year. Our hypothesis was proved that the highest 600 

precipitation probability is associated to WTs with advection from NW or SW due the dominance of 601 

westerlies. The WT-dependence of snow was an exception as its probability was dominated by WTs 602 

with advection from the east and no prevailing advection. Annual values of rainfall amount and rainfall 603 

kinetic energy were higher for stations at the east coast of the North Sea and lower for stations close to 604 

the Baltic Sea and the west coast of the North Sea.  605 

Assuming that the risk of erosion of the leading edges is governed by the cumulative rainfall amount or 606 

rainfall kinetic energy, wind farms in the eastern part of the North Sea have a higher risk than in the 607 

western part or in the Baltic Sea. As the number of large drops might also play a role in the development 608 

of LEE, the western part of the North Sea might have also a higher risk, because Weybourne had higher 609 

A-values for the Z-R relationship.  610 

The demand of precipitation measurements offshore will increase, because more wind farms will be 611 

installed in North Sea and Baltic Sea and an estimation of LEE risk probably gets more important. As 612 

in situ measurements are challenging due to frequently missing infrastructure, LEE relevant 613 

precipitation parameters could be calculated using Z-R relationships and annual values to estimate drop 614 

size and frequency of drop sizes.    615 
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7. Appendix 1 767 

 768 

7.1. Quality control based on internal disdrometer data  769 

 770 

All disdrometer data from the above mentioned stations undergone the steps listed in Table 2 to ensure 771 

that all non-precipitation related particles were filtered out.  772 

 773 
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Table 3 gives an overview about start and end date of the available time series, the disdrometer type, 774 

number of 1-minute intervals, percentage of missing 1-minute intervals as well as percentage of 775 

intervals that were disregarded by the quality control steps described in Table 2. No measurements were 776 

disregarded applying criteria QC1-7 and QC1-10 and therefore are not listed in Table 3. The percentage 777 

of missing values was above 20% for the stations Bremerhaven, Horns Rev3, Hvide Sande, Thyborøn 778 

and Voulund. Additionally, the stations Horns Rev 3, Hvide Sande, Rodsand and Thyborøn showed a 779 

high percentage of measurements with a status problem and/or low laser amplitude. These four stations 780 

are located at offshore wind farms (Horns Rev 3, Rødsand) and at the west coast of Denmark (Hvide 781 

Sande, Thyborøn), respectively. The occurring harsh conditions (e.g. high wind speeds and occurrence 782 

of sea salt on the protective glass of the laser) might caused problems. Therefore, it was decided to 783 

consider the following stations not for the further analysis: (1) Bremerhaven and Voulund (Ott), because 784 

of high percentage of missing 1-minute intervals, (2) Horns Rev 3, Hvide Sande, Rødsand, Thyborøn 785 

because of multiple quality issues. Hence, only eight stations are used for further analyses.  786 

 787 

7.2. Quality control of registered SYNOP code  788 

 789 

The registered SYNOP codes of the remaining eight stations were validated, because the used algorithm 790 

by the manufacturer is unknown and we wanted to ensure that the registered SYNOP code is correct.  791 

The SYNOP codes were merged into SYNOP groups. The reasons were: (i) SYNOP codes from Ott 792 

and Thies are not identically (e.g. intensity scale), (ii) SYNOP code from Ott does not agree with WMO 793 

SYNOP 4680 table (e.g. 88 is a reserved value in WMO SYNOP 4680 table, while used for soft hail in 794 

Ott manual). Therefore, following SYNOP groups covering following SYNOP codes:  795 

 Rain/drizzle (henceforward rain): 51, 52, 53, 57, 58, 61, 62, 63 796 

 Mixed rain/snow (henceforward mixed): 67, 68  797 

 Snow: 71, 72, 73 798 
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 Ice: 74, 75, 76, 77, 88 799 

 Hail: 89 800 

To validate if the specific SYNOP group was registered correctly, the probability for snow, rain and 801 

mixed was calculated. That was done using method 3P2D published by BURDANOWITZ et al. (2016) 802 

using the variables temperature, relative humidity and 99
th
 percentile of the drop diameter (T_rH_D99, 803 

T_rH_D99*). The temporal resolution of temperature and humidity data was 1 minute for Weybourne 804 

and 10 minute for Arkona, Fehrmarn, Helgoland, Marnitz, Norderney and Risø. In Voulund relative 805 

humidity was only available at 30-minute resolution, temperature was partly available at 10-minute 806 

interval, partly at 30-minute interval. For 10-minute and 30-minute interval data it was assumed that 807 

temperature and relative humidity did not change over 10 and 30 minutes, respectively. The 99
th
 808 

percentile of the drop diameter was calculated based on the quality controlled disdrometer data. 809 

Following BURDANOWITZ et al. (2016) we also applied temperature thresholds. No rain was possible 810 

for temperatures below -6°C and no snow was possible for temperatures above +8°C.  811 

 812 

In case the registered SYNOP group was unequal to the SYNOP group with the highest probability, the 813 

registered SYNOP group was changed to the one with the highest probability. For example: In case the 814 

registered SYNOP group was snow but the probability of rain was higher, the registered SYNOP group 815 

was changed to rain. Possible changes were snow → rain, snow → mixed, rain → snow, rain → mixed, 816 

mixed → snow, mixed → rain.  817 

 818 

The quality control of the SYNOP groups ice and hail was more difficult. In general, different 819 

precipitation types can occur at the same time. However, automatic devices like disdrometers only store 820 

the highest SYNOP code (MERENTI-VÄLIMÄKI et al., 2001). Hence, it is possible that different types 821 

occur at the same time (e.g. hail and rain). Furthermore, the SYNOP group ice includes ice pellets, ice 822 

crystals and soft hail. As the algorithm for the SYNOP code detection of both disdrometer sensors is 823 
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not known, it is not clear under which conditions these precipitation types were registered. For example 824 

snow can have different forms depending for example on the temperature and the melting status of the 825 

snowflake (YUTER et al., 2006; ISHIZAKA et al., 2013) and some of the ice particles might be registered 826 

during snowfall. Therefore, following approach was chosen: In case the probability of snow or mixed 827 

was higher than for rain, the SYNOP group ice or hail was reclassified to snow or mixed. The SYNOP 828 

group snow might be a bit less strictly defined by such a reclassification, but in context of LEE we were 829 

interested in events with hail or ice (in co-existence with rain). Possible changes were ice → snow, ice 830 

→ mixed, hail → snow, hail → mixed. The percentages of reclassification were low, the maximum was 831 

0.25% (5438 intervals) for the station Norderney for the reclassification mixed → rain. These low 832 

reclassification fractions are in line with FEHLMANN et al. (2020) who find a satisfying classification of 833 

rain and snow for Thies.  834 

 835 

7.3. Quality control of SYNOP group rain/drizzle  836 

 837 

For the calculation of rainfall kinetic energy, reflectivity and rain rate only data of the SYNOP group 838 

rain was used. The size-velocity histograms showed that still suspicious particles, e.g. particles with 839 

very low or high fall velocity, were part of the rain dataset. The source of these particles was not clear. 840 

It could be possible that they were caused for example by the breakup at the housing of the sensor or 841 

drops in spider webs. Suspicious particles were disregarded by processing following two steps:  842 

 QC3-1: Particles with a diameter > 8 mm were disregarded, because raindrops with larger diameter 843 

breakup due to hydrodynamic instability (JONES et al., 2010).  844 

 QC3-2: Drops with a fall velocity > +/- 60% of the terminal fall velocity calculated with ATLAS et 845 

al. (1973) were disregarded. This quality criterion is based on FRIEDRICH et al. (2013).  846 

While the number of disregarded drops due to QC3-1 was low, QC3-2 lead to a notable high number 847 

of disregarded drops. While for Risø, equipped with an Ott, around 6% of the drops were disregarded, 848 
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for the remaining stations, all equipped with a Thies, the percentages were considerable higher with 849 

values between 45% (Arkona) and 54% (Norderney). Most of the disregarded drops had a diameter < 850 

2 mm.  851 

 852 

8. Appendix 2  853 

 854 

Result of fitted A- and b-values are in Table 4 and Table 5.  855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 
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 866 

Figure 1: Map of investigation area. The acronyms used for the stations are explained in the table.  867 

 868 

Figure 2: Fitted A- and b-values of the Z-R relationship for all stations. The points present A and b fitted using all 869 

1-minute measurements. The bars indicate the range of A and b fitted with measurements taken during specific 870 

weather types.  871 

 872 
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 873 

Figure 3: Weather-type (WT) dependence of (a) A-values and (b) b-values. Box-whiskers plots show the variability 874 

of the values for each WT. The box is represented by the 1
st 

and 3
rd

 quartile and the whiskers by 1.5 times the 875 

interquartile range above and below the 1
st
 and 3

rd
 quartile. Values above or below the whiskers are outliers. The 876 

coloured points represent the value of the specific station. The WT is described with five letters, where the first two 877 

letters describe the advection direction (NE, NW, SE, SW, XX = no prevailing direction), the following two letters 878 

describe the cyclonality in 950 and 500 hPa (A(nticyclonic), C(yclonic)) and the last letter the humidity index (W(et), 879 

D(ry)).  880 

 881 
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Figure 4: Mean 1-minute parameterized drop concentration for the weather types (left) NWAAW (advection from 882 

Northwest, anticyclonality in 950 and 500 hPa, wet humidity index) and (right) SECCD (advection from Southeast, 883 

cyclonality in 950 and 500 hPa, dry humidity index). The number of considered 1-minute values is given in the 884 

parenthesis next to the station name.    885 

 886 

Figure 5: Distribution of the Root Mean Square Error (RMSE) between measured rain rate and calculated rain rate 887 

for 40 weather types (WT). For the orange boxplots WT-dependent A- and b-values were used. For the blue boxplots 888 

the values A = 200 and b = 1.6 based on Marshall-Palmer were used.  Black dots are the RMSE values of the different 889 

WTs.  890 
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 891 

 892 

Figure 6: Probability to observe precipitation and its dependence on the weather type. Probabilities above zero are 893 

represented by the given colour scale. White areas represent a probability of zero.  894 

 895 



38 
 

 896 

Figure 7: Probability to observe (top left) rain/drizzle, (top right) snow, (centre left) mixed, (centre right) ice and 897 

(bottom left) hail depending on the weather type. Probabilities above zero are represented by the given colour scale. 898 

White areas represent a probability of zero. 899 
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 900 

 901 

 902 

 903 

 904 

 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

Figure 8: Mean annual (top) rainfall amount and (bottom) rainfall kinetic energy (KE) registered per weather type. 914 

Values above 0.01 mm / 0.01 J m
-2

 are represented by the given colour scale. White areas represent no rainfall amount 915 

/ KE or values below the threshold. The mean cumulative value for each station is given next to the station name.  916 

 917 

 918 

 919 

 920 
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Table 1: Minutes with precipitation and distribution over the five defined precipitation groups   921 

Station # Minutes 

with 

precipitation 

% Rain / 

drizzle 

% Mixed 

rain/snow 

% Snow % Ice % Hail 

Arkona 218984 90.03 1.07 8.57 0.30 0.03 

Fehmarn 232254 92.40 1.13 6.16 0.26 0.05 

Helgoland 188579 95.89 1.13 2.22 0.69 0.07 

Marnitz 225075 90.50 1.31 7.68 0.48 0.03 

Norderney 250887 94.77 0.90 2.62 1.60 0.11 

Risø 73879 94.54 1.55 3.21 0.64 0.05 

Voulund 412218 91.11 0.95 7.41 0.47 0.06 

Weybourne 127603 95.83 0.38 2.45 1.29 0.05 

 922 

Table 2: Quality control of disdrometer data based on internal measured values of the disdrometers Thies LPM and 923 

Ott Parsivel
2
 924 

Step Argument  Description 

QC1-1 Status Status is different for Thies and Ott  

Ott has a parameter called “status”. Only measurements with status 0 

and 1 were accepted.  

Status of Thies was defined as a combination of laser and heating 

parameters (column 116 to 144 in Telegram 5 according to manual of 

version 5.4110.xx.x00). If one of the parameters indicated an error, the 

measurement was disregarded.  

Special case station Weybourne: A Thies was installed, but the data 

provider introduced its own definition of data quality. Only data with 

quality flag equal to 1 was accepted.  

QC1-2 Cumulative number of 

observed particles  < 10  

Measurements with less than 10 particles in 1 min were disregarded.  

Reference: (TOKAY AND BASHOR, 2010) 

QC1-3 Rain rate < 0.01 mm/h  Measurements with less than 0.01 mm h-1 in 1 min were disregarded. 

Reference: (TOKAY AND BASHOR, 2010) 

QC1-4 Data in less than 5 size-

velocity combinations  

Inspired by (GHADA et al., 2018) 

QC1-5 Negative SYNOP code  According to the Thies manual a negative SYNOP 4680 code indicates 

a sensor error. Such data was disregarded.  

QC1-6 SYNOP code indicates 

unknown precipitation 

(41, 42)   

According to the Thies manual, SYNOP 4680 code 41 and 42 

characterize unknown precipitation and it is recommended not to use 

this data. Such data were disregarded.  

QC1-7 Low measurement quality  Thies has a parameter called “measurement quality”. Only data > 0% 

to 100% was accepted.  

QC1-8 Sample interval is not 60s  Ott has a parameter called sample interval due to use of DTU internal 

data collection software. Only data with a sample interval of 60s 

(=1min) was accepted.  

QC1-9 Rain rate > 500 mm/h in 

1min  

Removal of implausible high 1-minute rain rates  

QC1-10 Rainfall amount > 500 

mm in 1 min  

Removal of implausible high 1-minute rain amounts. Not checked for 

station Weybourne as no rain amount available.  
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QC1-11 Laser amplitude < 12000  According to Ott Helpdesk (personal communication), reliable 

measurements of Ott are related to laser amplitudes > 12000.  

 925 

 926 

 927 
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Table 3: Start and end date of quality control time series. Number of 1-minute intervals, percentage of missing 1-minute intervals as well as percentage of disregarded 1-minute 928 

intervals based on quality control steps in Table 2. No measurements were disregarded applying criteria QC1-7 and QC1-10.  929 

Station Devi

ce 

Start End # 

interval

s 

% 

missing 

% 

Status  

(QC1-

1) 

% # 

drops  

(QC1-

2) 

% 

Low 

R  

(QC1-

3) 

% # 

channels  

(QC1-4) 

% Neg. 

SYNOP  

(QC1-5) 

% unkn. 

SYNOP  

(QC1-6) 

% 

Sample 

i.  

(QC1-8) 

% High 

R  

(QC1-9) 

% laser 

amplitude  

(QC1-11) 

Arkona Thies 

LPM 

2015-01-01 

00:00 

2018-12-31 

23:59 

194318

5 

0.89 0.03 12.62 1.25 0.03 3.80E-

04 

0.40 0 0 0 

Bremer-

haven 

Thies 

LPM 

2015-01-01 

01:38 

2018-12-31 

23:59 

210296

0 

20.09 0.02 10.23 1.02 0.01 8.08E-

04 

0.36 0 4.76E-05 0 

Fehmarn Thies 

LPM 

2015-01-01 

00:00 

2018-12-31 

23:59 

210384

0 

0.84 0.00 9.44 1.32 0.03 1.76E-

03 

0.85 0 1.90E-04 0 

Helgoland Thies 

LPM 

2015-10-01 

00:00 

2018-12-31 

23:59 

150116

5 

1.30 1.31 14.33 1.06 0.04 1.05E-

03 

0.19 0 0 0 

Horns Rev 

3 

Ott 

Parsi

vel
2
 

2019-02-13 

17:17 

2020-02-04 

08:12 

512096 22.44 23.83 0.00 0.01 0 0 0 0.01 0 23.49 

Hvide 

Sande 

Ott 

Parsi

vel
2
 

2018-04-12 

09:42 

2019-10-01 

14:21 

773560 30.88 30.52 0.01 0.02 1.29E-

04 

0 0 0.03 0 13.85 

Marnitz Thies 

LPM 

2015-01-01 

00:00 

2018-12-31 

23:59 

210384

0 

2.02 0.00 8.90 1.70 0.01 4.75E-

04 

0.37 0 0 0 

Norderney Thies 

LPM 

2015-01-01 

00:00 

2019-01-01 

00:00 

181214

5 

1.73 0.48 13.50 1.40 0.03 1.43E-

03 

0.17 0 1.43E-04 0 

Risø Ott 

Parsi

vel
2
 

2018-03-22 

15:53 

2020-05-31 

23:01 

979629 9.15 1.92 0.10 0.08 1.82E-

03 

0 0 0.63 0 1.22 
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Rødsand Ott 

Parsi

vel
2
 

2018-12-11 

09:20 

2020-03-19 

17:20 

668641 4.65 9.44 0.05 0.09 5.98E-

04 

0 0 0.88 0 19.80 

Thyborøn Ott 

Parsi

vel
2
 

2018-05-04 

11:33 

2019-10-01 

14:22 

741770 46.73 14.60 0.00 0.01 0 0 0 0.03 0 8.27 

Voulund Thies 

LPM 

2012-02-09 

11:44 

2018-02-27 

12:23 

304549

8 

5.52 0.06 9.65 2.05 0.03 0.02 0.03 0 3.28E-05 0 

Voulund 

(Ott) 

Ott 

Parsi

vel
2
 

2018-01-31 

12:22 

2019-10-01 

14:24 

875643 32.74 0.85 0.01 0.03 5.71E-

04 

0 0 0.04 0 3.93 

Weybourne Thies 

LPM 

2017-02-10 

00:00 

2019-09-30 

23:59 

138672

0 

12.96 0.02 12.93 1.08 0.04 0.01 1.74 0 0 0 

           

930 
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Table 4: Fitted A-values of the Z-R relationship for all stations and weather types (WTs).  931 

Weather type Arkona Fehmarn Helgoland Marnitz Norderney Risø Voulund Weybourne 

all WTs 196 191 201 164 202 190 182 233 

XXAAD 189 181 179 203 125 229 244 201 

NEAAD 366 2997 48 118 80 282 225 699 

SEAAD 
       

172 

SWAAD 167 150 154 194 188 129 209 332 

NWAAD 169 187 225 156 199 173 155 204 

XXAAW 232 230 170 158 228 196 148 236 

NEAAW 55 
  

38 221 
 

155 
 

SEAAW 
       

21 

SWAAW 171 232 198 172 170 152 168 259 

NWAAW 171 172 181 145 152 166 142 190 

XXACD 82 179 247 247 161 144 267 255 

NEACD 176 314 577 61 232 
 

234 321 

SEACD 
        

SWACD 248 221 221 220 232 392 180 171 

NWACD 144 155 219 170 190 169 226 208 

XXACW 247 255 287 143 364 
 

174 489 

NEACW 
        

SEACW 
        

SWACW 166 164 147 124 181 80 185 233 

NWACW 208 194 169 110 312 306 181 132 

XXCAD 
 

171 
 

278 242 148 167 346 

NECAD 
        

SECAD 
       

396 

SWCAD 196 254 194 317 249 184 220 224 

NWCAD 286 188 383 128 54 187 159 
 

XXCAW 
 

252 112 
 

294 
 

147 117 

NECAW 
        

SECAW 338 173 157 
 

154 259 192 390 

SWCAW 265 214 221 177 190 194 207 230 

NWCAW 309 288 121 128 98 161 235 372 

XXCCD 173 220 178 231 206 134 203 268 

NECCD 168 145 186 231 102 
 

234 616 

SECCD 227 74 
 

395 596 
 

178 478 

SWCCD 339 195 198 173 200 261 118 203 

NWCCD 335 192 177 225 277 50 168 111 

XXCCW 187 230 209 201 192 250 226 187 

NECCW 
 

194 
 

255 
    

SECCW 232 174 126 345 131 172 181 226 

SWCCW 193 173 210 168 216 196 198 261 

NWCCW 242 221 125 170 228 269 292 222 
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Table 5: Fitted b-values of the Z-R relationship for all stations and weather types (WTs). 932 

Weather type Arkona Fehmarn Helgoland Marnitz Norderney Risø Voulund Weybourne 

all WTs 1.77 1.83 1.74 1.79 1.84 1.81 1.88 1.85 

XXAAD 1.51 2.08 1.58 1.96 2.32 1.95 2.02 2.59 

NEAAD 2.22 3.15 1.29 2.15 1.84 1.55 1.97 2.54 

SEAAD 
       

1.66 

SWAAD 1.72 2.03 2.14 1.73 2.11 1.84 1.93 1.68 

NWAAD 1.87 1.80 1.63 1.87 2.04 1.99 2.17 2.15 

XXAAW 1.89 1.63 1.64 1.88 1.74 2.46 1.97 1.48 

NEAAW 1.37 
  

1.30 2.46 
 

2.35 
 

SEAAW 
       

1.21 

SWAAW 1.73 1.65 1.71 1.82 1.86 1.95 2.00 1.75 

NWAAW 2.05 1.89 1.88 1.81 2.05 2.10 2.17 2.08 

XXACD 2.12 1.62 1.69 1.82 2.09 1.73 1.66 2.28 

NEACD 1.95 1.75 2.49 1.90 1.68 
 

1.94 1.82 

SEACD 
        

SWACD 1.61 1.84 1.65 1.76 1.85 1.48 1.85 2.01 

NWACD 1.86 2.00 1.72 1.75 1.95 2.18 1.73 1.84 

XXACW 1.81 2.32 1.26 1.71 1.78 
 

1.94 1.89 

NEACW 
        

SEACW 
        

SWACW 2.03 1.70 1.82 1.84 1.66 2.81 1.83 1.81 

NWACW 1.72 1.89 1.77 1.97 1.77 1.50 1.99 2.16 

XXCAD 
 

1.70 
 

2.13 2.54 0.81 2.18 1.90 

NECAD 
        

SECAD 
       

3.06 

SWCAD 1.88 1.64 1.93 2.08 2.08 1.83 1.66 1.88 

NWCAD 2.44 2.26 1.44 2.24 2.54 1.52 2.39 
 

XXCAW 
 

1.75 1.95 
 

1.75 
 

1.88 2.18 

NECAW 
        

SECAW 1.57 1.86 2.05 
 

2.22 1.61 1.68 1.65 

SWCAW 1.65 1.79 1.68 1.78 1.97 1.71 1.76 1.85 

NWCAW 1.78 1.90 2.00 1.91 2.29 2.49 1.47 2.04 

XXCCD 1.90 1.75 1.93 1.93 1.59 2.49 1.69 1.82 

NECCD 1.62 1.74 2.01 2.12 1.51 
 

2.00 2.34 

SECCD 1.78 2.55 
 

2.29 1.42 
 

2.25 1.98 

SWCCD 1.46 1.96 1.87 2.38 2.03 1.93 2.16 1.83 

NWCCD 1.69 1.86 1.76 2.03 1.72 2.75 2.29 2.34 

XXCCW 2.18 1.59 2.28 1.63 1.73 1.88 1.77 1.69 

NECCW 
 

1.45 
 

1.74 
    

SECCW 1.69 1.74 1.91 1.42 1.61 2.18 1.78 1.82 

SWCCW 1.81 1.86 1.68 1.73 1.88 1.73 1.82 1.85 

NWCCW 1.91 1.92 2.23 2.04 1.99 2.07 1.57 2.10 
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Abstract  
 
Leading-edge erosion (LEE) at wind turbine blades is caused by the impact of particles, e.g. 
raindrops, and leads to a loss in the power production and high maintenance costs. 
Investigations have shown that a reduction in tip speed increases the blade lifetime but the 
influence of different drop-size parameterizations and rain amounts on the lifetime is unclear. 
This study compares lifetime calculations using two different drop-size parameterizations and 
changes in lifetime in case rain amount is increased or decreased, respectively. The lifetime 
calculations are based on a kinetic-energy approach.  
The results show that a drop-size estimation based on rain rate leads to 44 times longer 
lifetime compared to an approach using in situ drop-size measurements. This large difference 
is probably due to the underestimation of large drops of the first mentioned 
parameterization. A change in rain amount of about +/- 17% results only in a marginal change 
in lifetime. For all cases the lifetime an extension of blade lifetime was calculated when 
reducing the tip speed during specific rain events. Overall, calculated blade lifetime is  
sensitive to the drop-size parameterization.   
 

1. Introduction  
 
Erosion of the leading edges of wind turbine blades is getting increasing attention in the wind 
industry and academia. The impact of particles in the atmosphere causes stresses and tiny 
defects in the material and on the surface of the turbine blades. With time and additional 
impacts such defects enlarge to visible damages (Sareen et al., 2014). Due to the damages the 
surface of the turbine blades gets rougher, which causes a decrease in the aerodynamic 
performance and a loss in the annual power production (AEP) (Bak et al., 2020). In the worst 
case, expensive repairs of the turbine blades need to be carried out when the structure is 
severely damaged (Mishnaevsky, 2019). For turbines installed in the North Sea area it is 
assumed that raindrops are mainly responsible for the erosion (Hasager et al., 2020).  
 
To reduce the repair and maintenance costs caused by leading-edge erosion (LEE), two main 
mitigation strategies have been suggested: (i) improving material and leading-edge protection 
(Herring et al., 2019) and (ii) tip-speed reduction during intense rain events (Bech et al., 2018). 
While the idea of improving the material to reduce LEE is obvious, the second strategy is based 
on the assumption that by reducing the tip speed the impact velocity of drops is reduced. The 
energy input at the impact can be described with the kinetic energy of the drop. The kinetic 
energy itself is a function of the mass and velocity, where the velocity itself is the sum of the 
fall velocity of the drop and the tip speed. For example Doagou-Rad and Mishnaevsky (2020) 



and Verma et al. (2020) show that a reduced impact velocity causes less damage, because of 
the reduced energy input. Bech et al. (2018) and Hasager et al. (2020) show that such an 
erosion-safe mode (ESM) not only extends the blade lifetime but increases also the AEP and 
the profit due to less erosion and lower repair and maintenance costs.  
 
Results based on finite-element modelling also show that smaller drops cause less stresses in 
the material and therefore less erosion compared to larger drops (Doagou-Rad and 
Mishnaevsky, 2020; Verma et al., 2020). It is known that rain consist of different drop sizes, 
because of coalescence and break-up of interacting drops during their fall (McFarquhar, 
2010). Drop formation and wind-speed conditions influence the drop size as well (Testik and 
Pei, 2017; Tilg et al., 2020b). This distribution of drops is also called drop-size distribution 
(DSD), where small drops are more dominant than larger drops. Various precipitation 
parameters like rain rate, rain amount or rainfall kinetic energy are functions of the DSD and 
therefore also called moments of the DSD (Habib et al., 2010). As it is easier to measure the 
rain rate than the DSD, several parameterization exist to estimate moments of the DSD using 
rain rate measurements.  
 
For estimating a representative drop size for a specific rain rate, Best (1950) proposes an 
equation using only rain rate measurements and some constants based on a few DSD 
measurements as input. However, he also mentions that assuming that the DSD being only a 
function of the rain rate is an over-simplification. Several investigations show that events with 
a high rain rate tend to have drops with a larger diameter, but still different DSD can lead to 
the same rain rate. Hence, it is difficult to go the reversed way from rain rate to DSD (Yamaji 
et al., 2020). Therefore, using the approach from Best (1950) introduces some uncertainty. 
For example, in case the drop size is used to estimate the kinetic energy of a rainfall event, 
the fraction of rainfall kinetic energy due to large drops might be underestimated. Although 
for example Bech et al. (2018), Eisenberg et al. (2018) or Verma et al. (2020) mention that 
they use the drop-size estimation of Best (1950), they do not consider this uncertainty in their 
discussions.  
 
The availability of DSD measurements has increased since the 1950s due to newly developed 
sensors (Kathiravelu et al., 2016) and measurements from ground-based weather radars and 
satellites. Using DSD measurements it is possible to calculate a mass-weighted mean diameter 
(Jameson, 1993; Ulbrich and Atlas, 1998). As this approach weights the sizes of the drops, it 
provides different drop-size values for the same rain rate. This is in contrast to the approach 
from Best (1950) but represents the related DSD better. To the author’s knowledge, the 
consequences of using different drop-size parameterizations for LEE and blade lifetime 
calculations has not yet been investigated.  
 
The rain climate varies with location. While locations around the North Sea have an annual 
rain amount between 400 and 700 mm (Tait et al., 1999), coastal locations in India measure 
1800 mm per year and more due to the monsoon climate (Das and Chatterjee, 2018). Hence, 
it is of interest to analyze the blade-lifetime also for different rain amounts. Talking about a 
wetter or drier climate, often only the rain amount compared to a reference is mentioned. A 
reason for a wetter (drier) climate can be that more (less) rain is measured in the same 
number of 10-minute intervals. Another explanation is that in more (fewer) 10-minute 
intervals with rain were measured. For all options, the DSD and moments of the DSD like rain 



rate are different. Such information is relevant for example to estimate a representative drop 
size as described above or to estimate the possible recovery time of the material between the 
impact of two drops (Elhadi Ibrahim and Medraj, 2019). In events with only short time 
between the impact of two consecutive drops, the material cannot recover properly and the 
probability for damage increases (Siddons et al., 2015). In general, it is assumed that in areas 
with higher (lower) rain amounts LEE is enhanced (weakened) and the blade lifetime is shorter 
(longer) due to more (fewer) drops that impact.  
 
To improve our understanding of the erosion process and to develop tailored mitigation 
strategies, it is essential to understand the influence of different rain properties on the blade 
lifetime (hereafter only lifetime). This study investigates the effect of different drop-size 
parameterizations on the lifetime. Furthermore, we compare the lifetimes of a measured and 
related precipitation time series with more (less) rain amount, keeping the distribution of rain 
rate similar for all three cases. For all cases, the change in lifetime by applying an erosion-safe 
mode is analyzed as well.  
      

2. Data  
 
In this study rain data from two coastal stations were analyzed. One station is located in the 
United Kingdom while the other station is located in Denmark. The rain data of the two 
stations is based on two different precipitation sensors and data analysis also differs.  
 
To investigate the influence of the drop-size parameterizations on the lifetime, data from the 
station Weybourne on the east coast of the United Kingdom was used (Figure 2.1). 
Precipitation data from Weybourne was available from February 2017 to September 2019 
(2.5 years) with a temporal resolution of 1 minute (Natural Environment Research Council et 
al., 2019). Precipitation was measured with the disdrometer Thies Laser Precipitation Monitor 
(LPM), which provides the number, size and velocity of all precipitation particles. The data is 
divided in 22 diameter classes (0.1875 mm to ≥ 8.000 mm) and 20 velocity classes (0.100 m s-

1 to 15.000 m s-1), where both have varying class widths. Based on these measurements 
several precipitation parameters like DSD, rain rate or rain amount can be calculated.  
 
However, when using this instrument type for precipitation measurements, quality control is 
essential to remove non-precipitation particles. For this study quality control criteria 
mentioned in Tilg et al. (submitted) were applied. In a further step, the data was aggregated 
to a temporal resolution of 10 minutes, to be consistent with data used in Hasager et al. (2020) 
and Skrzypiński et al. (2020). In total, 12% of the data were missing. Wind speed and wind 
direction were measured with a resolution of 1 minute at a height of 6 m before May 2018 
and 10 m afterwards (Bandy, 2002). The 10-minute wind values were calculated as the 
average of speed and direction, respectively, of these 10 minutes.   
 
The question about the influence of increased and decreased, respectively, rain amount and 
related number of intervals with rain, data from the station Hvide Sande on the west coast of 
Denmark was used (Figure 2.1). The Danish Meteorological Institute (DMI) provided 
precipitation and wind data from this station from January 2002 to December 2017 (16 years). 
The 10-minute precipitation amount, hereafter rain rate, was measured with the rain gauge 
Geonor. The precipitation type was measured with a Vaisala FD12P located next to the rain 



gauge. The precipitation type was quality controlled as described in (Hasager et al., 2020). In 
total, 3% of the data were missing. Wind speed and wind direction were measured with the 
Vaisala WAA151 and Vaisala WAW151, respectively, at 10 m height.           
 

 
Figure 2.1: Map with the location of the two analyzed stations Weybourne (United Kingdom) 
and Hvide Sande (Denmark).   
 

3. Methods  
 
This chapter provides detailed information about (i) the blade-lifetime calculation, (ii) the 
erosion-safe mode, (iii) the applied drop-size parameterizations and (iv) key points for 
manipulation of the rain amount. As rain was the dominant precipitation type at the two 
stations, the calculations were based solely on rain and no other precipitation types (like hail 
or snow) were considered.  
 

3.1. Blade-lifetime calculation  
 
For the calculation of the lifetime the kinetic-energy model proposed by Bech et al. (2018) 
was used to model the evolution of LEE. This approach models the erosion as function of the 
kinetic energy of the drop impacts. The kinetic energy is defined as:  
 

𝐸𝐾𝐼𝑁 =
1

2
∗ 𝑚 ∗ 𝑣2      (1)  

 



where m is the mass and v the velocity. The mass is defined by the density of water and the 
volume of the particles, which is assumed to be a sphere. In this study the velocity is 
determined by the tip speed of the turbine blade. The tip speed itself is a function of the 
turbine type and the wind speed. Like in Skrzypiński et al. (2020), the turbine characteristics 
of the IEA Wind 15 MW Offshore Reference Turbine were used (Gaertner et al., 2020) 
 
The wind speed measured at the ground was extrapolated to the hub height assuming a 
power law for both stations.  
 
From accelerated erosion tests in erosion testers, an empirical equation between drop impact 
and erosion damage is derived. Considering the history of drop impacts, it is possible to 
determine the accumulated erosion damage. The used LEE model implicates that larger and 
therefore faster drops cause more erosion because of higher kinetic energy than smaller and 
therefore slower drops. However, the exact damage process is still unknown and research is 
on-going to investigate to which extend this model assumption is correct. 
 
The blade lifetime in this study is defined as the time until significant signs of erosion are 
visible but no repair is needed.   
 

3.2. Erosion-safe mode 
 

The erosion-safe mode (ESM) is a concept described by Bech et al. (2018), Hasager et al. 
(2020) and Skrzypiński et al. (2020). The concept assumes that the long-term profit from a 
wind turbine may be increased by decreasing the maximum rotations per minute (RPM) of 
the turbine during heavy rains that cause rain-induced erosion. On the one hand, the energy 
production is decreased during those rain events. On the other hand, the growth of erosion 
is decreased, and consequently, the average surface condition of the blades is improved. This 
leads to a long-term increase in the energy production, a direct decrease of the erosion-
induced repair costs, and a decrease in the repair-induced down time.  
 
In the present work, we modelled the IEA Wind 15MW Offshore Reference Turbine by 
Gaertner et al. (2020) at Weybourne and Hvide Sande using wind and rain data at those sites. 
We also found optimal operational parameters that utilize the mentioned above threshold 
and maximize the long-term profit.  
 
In terms of turbine operation, erosion-safe mode may be expressed with different levels of 
sophistication. A simple but effective way is to find a single value of rain rate at which an 
additional RPM limit is imposed on turbines default RPM schedule. In terms of modelling and 
optimization, it involves two parameters to optimize, i.e., rain-rate threshold and new RPM 
limit. In terms of objective function, we utilized a cost model accounting for the energy 
produced, direct repair cost and downtime, to maximize the profit. The modelling utilized the 
turbines power curve (clean and eroded), RPM schedule, and the mentioned above historical 
weather time series. 
 
Naturally, the parameters discussed in this study, i.e., drop-size parameterization and rainfall 
amount, influence the above mentioned blade-lifetime calculation that is included in the 
erosion-safe-mode modelling. Consequently, the discussed meteorological parameters 



influence the optimal turbine operational parameters and the gains from the erosion-safe 
mode.  
 
Note that the erosion-safe mode parameters were optimized for the default meteorological 
time series and re-used for the two varied time series with more and less rain amount 
compared to the reference rain amount.  
 

3.3. Drop-size parameterization  
 
In this study two parameterizations for the drop size were applied to calculate the lifetime. 
Drop size is used as a synonym for drop diameter in this study.  
 
As already mentioned, several publications related to LEE use a parameterization from Best 
(1950) to calculate the drop size based on rain rate measurements. The calculation is based 
on:  
 

𝐷50 = 0.691/𝑛 ∗ 𝑎      (2)  
 
where n is a constant and a is defined as:  
 

𝑎 = 𝐴 ∗ 𝐼𝑝       (3)  
 

where A and p are constants and I is the rain rate. The constants are estimated based on DSD 
measurements. Best (1950) provides the following mean values for the constants: n=2.25, 
A=1.30 and p=0.232. Hence, there is only one specific D50 value in mm per rain rate. D50 

describes that 50% of the water in the atmosphere is accumulated in drops having a diameter 
smaller than D50.  
 
The second drop-size parameterization is based on DSD measurements. The mass-weighted 
mean drop size (Dm; mm) is calculated as follows:  

   

𝐷𝑚 =
∑ 𝑁(𝐷𝑖)∗𝐷𝑖

4∗∆𝐷𝑖𝑖

∑ 𝑁(𝐷𝑖)∗𝐷𝑖
3∗∆𝐷𝑖𝑖

     (4) 

 
where D is the drop size (mm), ΔD the width of the size class i (mm) and N(Di) is defined as 
the concentration of drops per volume of air and per drop size (m-3 mm-1):  
 

𝑁(𝐷𝑖) =  ∑
𝑛𝑖𝑗

𝐴∗∆𝑡∗𝑣𝑗∗∆𝐷𝑖
𝑗       (5)  

 
where nij is the number of drops within the size class i and velocity class j, A the measuring 
area of the disdrometer (m2), Δt the time interval (s) and vj the mean drop fall velocity in 
velocity class j (m s-1). Dm is also known as the ratio of the fourth to the third moment of the 
DSD. Jameson (1993) and Ulbrich and Atlas (1998) are one of the first using this parameter 
for the analysis of the DSD. As the name says, drops with a larger diameter are weighted more 
than drops with smaller diameter. In contrast to D50 this parameterization depends on the 
DSD and delivers different values for the same rain rate.  
 



For investigating the sensitivity of the lifetime on the drop-size parameterization, rain data 
from Weybourne was used to calculate D50 using the rain rate and Dm using the available DSD 
from the disdrometer.  
 

3.4. Manipulation of number rain amount  
 
To investigate the effect of higher or lower rainfall amounts on the lifetime, the long-term 
precipitation data from station Hvide Sande was manipulated. By changing the number of 
intervals with rain for each year, the cumulative rain amount was increased and decreased, 
respectively.   
 
Taking all 16 years, the average and the standard deviation of the number of intervals with 
rain was calculated. The average minus the standard deviation described the lower number 
of intervals with rain, while the average plus the standard deviation described the upper 
number of intervals with rain. According to the frequency distribution of the rain rate, 
intervals were added or removed to reach the lower or upper number of intervals with rain. 
By manipulating the number of intervals this way, the rain amount was increased (decreased).   
 
As no long-term in situ DSD measurements were available for Hvide Sande, the rain rate was 
used to estimate the drop size using equation (2).  
 

4. Results  
 
To investigate the sensitivity of the lifetime, we calculated the lifetime using (i) two different 
drop-size parameterizations and (ii) a reference precipitation time series and two related time 
series with an increased and decreased rain amount using the described kinetic-energy 
model.  
 

4.1. Sensitivity of lifetime on drop size  
 
Natural rain consists of drops with various diameters. Figure 4.1. shows the DSD of four 
measurements, each covering a time period of 10 minutes, at the station Weybourne, where 
all measurements had a rain rate between 0.95 and 1.05 mm h-1. Two measurements were 
dominated by small drops, while two other measurements had a higher fraction of larger 
drops. Although the rain rate was similar, the DSDs were different. As a lot of small drops can 
lead to the same rain rate as a few large drops, it is not surprising that the rain rate was 
similar.  
 



 
Figure 4.1: Drop concentration (N(D)) of four 10-minute measurements at Weybourne having 
a rain rate between 0.95 and 1.05 mm h-1 as function of the mean bin diameter of the 
disdrometer. The total number of measured drops of each measurement is given in the 
parenthesis.  
 
These DSDs were observed at different dates and hence different events but had similar rain 
rates and amounts (Table 4.1). In contrast, Dm, which is a function of the DSD, was quite 
different as Table 4.1 shows. As two measurements had only a few drops with a diameter 
above 1 mm, their Dm was small with values of 0.49 and 0.58 mm, respectively. In contrast, 
the two other measurements observed drops with quite large diameters, which lead to a 
larger Dm with values of 1.61 mm and 3.08 mm.  
 
To compare Dm with the diameter estimation of Best (1950), we calculated D50 using the rain 
rates between 0.95 and 1.03 mm h-1 of the four examples (4th column in Table 4.1). According 
to this calculation, the diameter of the drops would be between 1.09 and 1.11 mm. Hence, 
D50 values were in complete contrast to Dm. Knowing the DSD, Dm showed a much better 
estimation of the diameter compared to D50.  
 
Table 4.1: Date, rain rate, mass-weighted mean diameter (Dm), D50 calculated after Best 
(1950), amount, number of drops of the four plotted drop concentrations in Figure 4.1.  

Date 
Rain rate 
(mm h-1) 

Mass-weighted mean  
diameter 
(Dm; mm) 

D50 by Best 
(1950) 
(mm) 

Amount 
(mm) 

# drops 

2017-11-15 7:50 0.97 0.49 1.09 0.16 14861 

2017-02-22 9:00 1.03 0.58 1.11 0.17 10235 

2017-02-25 13:50 0.95 1.61 1.09 0.16 915 

2019-05-04 3:00 1.02 3.08 1.11 0.17 286 

 
 



The definition of D50 as well as the above example lead to the hypothesis that the calculation 
of D50 does not represent adequately the mean drop size of rainfall. To confirm that, we 
calculated D50 as function of rain rate measured in Weybourne considering all measurements. 
These drop sizes were compared with Dm calculations using the measured DSD in Weybourne.  
 
Figure 4.2 shows D50 and Dm as function of rain rate. The D50 values resulted in a line, because 
one specific rain rate has only one specific diameter. In contrast, Dm had different values for 
a specific rain rate. The number of measurements with a specific rain rate and Dm were color-
coded, where the resolution is 1 mm h-1 for the rain rate and 0.25 mm for Dm. The distribution 
of the boxes shows that the lower the rain rate, the larger the variation of Dm. The D50-line 
followed roughly the boxes with the highest number of measurements, but did not represent 
the natural variation of the diameter. This result confirms our hypothesis that D50 does not 
represent adequately the DSD, especially not for the frequently measured low rain rates.  
 

 
Figure 4.2: The black line represents the diameter as function of rain rate using D50 of Best 
(1950). The color-coded boxes represent the number of measurements with a specific rain rate 
and mass-weighted mean diameter (Dm). The resolution of these boxes is 1 mm h-1 for rain 
rate and 0.25 mm for the diameter.  
 
The kinetic energy of a drop is a function of its mass and velocity, where both depend on the 
diameter of the drop. Hence, a change in the diameter has an effect on the kinetic energy. In 
case of the described LEE model more (less) kinetic energy can lead to faster (slower) erosion 
of the leading edges and therefore different lifetime of the turbine blades. To investigate the 
consequences of different drop-size estimations, we calculated the theoretical lifetime of 
turbine blades with D50 and Dm. The calculations clearly showed the effect of the different 
diameter estimations. Lifetime considering D50 as input was 27.72 years. This is much longer 



than the 0.63 years considering Dm (Table 4.2). The optimal parameters for ESM varied for 
both cases as the growth rate of erosion was different, which influenced the calculation of 
the optimal parameters. Considering an operation with ESM, it is 51.30 years considering D50 
and 1.39 years considering Dm until the end of the blades’ lifetime. Although the absolute 
numbers were quite different, the relative lifetime increase was higher for the case using Dm 
(2.2 times) than D50 (1.9 times).   
 
Table 4.2: Comparison of lifetime using two different drop-size parameterizations for 
calculation of the erosion development. The influence of erosion-safe mode (ESM) on the  
lifetime including optimal parameters is also listed.  

 D50 by Best (1950) Mass-weighted mean  diameter (Dm) 

Lifetime  
[years]  

27.72 0.63 

ESM optimal rain rate  
[mm h-1] 

8 1 

ESM optimal tip speed  
[m s-1] 

70 80 

Lifetime considering ESM  
[years] 

51.30 1.39 

 
 

4.2. Sensitivity of lifetime on rain amount  
 
It is not only the diameter that influences LEE but also the rain amount. In this study, the rain 
amount was manipulated by increasing and decreasing, respectively, the number of intervals 
with rain in relation to an existing rain time series from Hvide Sande. The intervals added or 
removed from the measured time series followed the distribution of the measured rain rates. 
A detailed explanation of the applied steps was already provided in the Section 3. 
 
The distribution of the measured rain rate followed a gamma distribution as shown in Figure 
4.3. In other words, rain rates below 1 mm were observed most frequently and hence added 
or removed more often than higher rain rates. Table 4.3 gives an overview about the annual 
rain amount and the number of measured 10-minute intervals with rain per year from 2002 
to 2017. For comparison the increased and decreased rain amount and the related 10-minute 
intervals with rain were listed as well. Average values over the 16 years are given in the last 
row of Table 4.3 and show that on average the measured annual rain amount was increased 
and decreased, respectively, by around 93 mm. This change of 93 mm is based on 307 more 
and 309 fewer 10-minute intervals compared to the measured time series at Hvide Sande. 
That is about 51 hours or 18% with more and less intervals with rain, respectively. The 
minimum and maximum number of intervals with rain were restricted to 1930 and 1357, 
respectively, except for years having already more or less intervals than that.  
 



 
Figure 4.3: Comparison of the distribution of the rain rate station Hvide Sande considering the 
measured time series and time series with an increased and decreased number of intervals, 
respectively.  
 
 
Table 4.3: Annual rain amount and number of 10-minute intervals with rain for the three 
analysed cases (measured/increased/decreased amount and number of intervals with rain, 
respectively).  

Year 
Rain amount 

[mm] – 
measured 

# 10-min 
intervals rain 
– measured 

Rain amount 
[mm] - 

increased 

# 10-min 
intervals rain 
– increased 

Rain amount 
[mm] - 

decreased 

# 10-min 
intervals rain 
– decreased 

2002 516.3 1493 636.8 1923 482.7 1361 

2003 435.1 1324 598.1 1922 435.1 1324 

2004 518.9 1648 598.6 1929 437.6 1359 

2005 468.5 1631 548.1 1927 394.5 1358 

2006 632.1 2042 632.1 2042 431.7 1360 

2007 552.5 1726 608.3 1925 441.9 1360 

2008 569.8 1652 660.6 1930 475.2 1359 

2009 515.8 1473 669.9 1930 482.9 1360 

2010 413.2 1191 674.6 1930 413.2 1191 

2011 468.2 1469 611.7 1930 435.9 1358 

2012 677.2 1921 679.1 1929 482.2 1356 

2013 538.4 1721 597.8 1927 432.1 1359 

2014 672.5 1915 675.9 1929 496.2 1360 

2015 681.1 2174 681.1 2174 435.2 1360 

2016 341 1168 568.3 1932 341 1168 

2017 546.3 1753 598.1 1932 431.4 1359 

Average  534.2 1644 627.4 1951 440.6 1335 

 



Figure 4.4 shows the cumulative rain amount of all three cases. The cumulative amount of the 
measured (reference) time series was 8546.9 mm. In contrast, the amount of the time series 
with increased number of intervals was 10039.1 mm or + 17%. The time series with a 
decreased number of intervals had a cumulative sum of 7048.8 mm or - 17%.  
 

 
Plot 4.4: Cumulative rain amount over the available time series of Hvide Sande for the three 
analysed cases (measured/increased/decreased number of intervals with rain). 
 
As mentioned, D50 was used to estimate the drop size in this analysis.   
 
The first row in Table 4.4 gives an overview of the lifetime of the three cases, with values 
between 1.81 years for the reference case, 1.86 years (for wetter conditions) and 1.77 years 
(for dryer conditions). Translated into days the difference was only 14.9 and 18.6 days. The 
change of the cumulative rain amount did not result in a large change of the lifetime.  
 
The optimal parameters of the ESM were estimated using the reference time series and 
applied for all three cases. It turned out that it is beneficial to reduce the tip speed to 64 m s-

1 in case the rain rate exceeds 4 mm h-1. The application of the ESM increased the lifetime 
considerable to 39.55 years (lower rain amount) and 36.37 years (higher rain amount). The 
increased lifetime due to ESM was more than 20 times the lifetime without ESM.  
 
Hence, the application of ESM had a much higher influence on the lifetime than the changed 
number of intervals with  higher (lower) rain amount than measured..  
 
 
 
 
 
 
 
 
 
 
 
 



Table 4.4: Comparison of fatigue life using the three different cases 
(reference/increased/decreased number of intervals with rain). The influence of erosion-safe 
mode (ESM) on the fatigue life including applied parameters are also listed. 

 Decreased number 
of intervals 

Reference 
Increased number 

of intervals 

Lifetime  
[years]  

1.86 1.81 1.77 

ESM optimal rain rate  
[mm h-1] 

4 4 4 

ESM optimal tip speed  
[m s-1] 

64 64 64 

Lifetime  
[years] 

39.55 37.72 36.37 

 

5. Discussion  
 
In this study, we investigated the consequences on lifetime when using different drop-size 
parameterizations and rain amounts. The lifetime was found to be much shorter using a mass-
weighted mean (Dm) parameterization compared to using D50 from Best (1950). In contrast, 
lifetimes based on time series with different rain amounts were quite similar. The application 
of an ESM increased the lifetime for all cases.  
 
The larger variation of Dm compared to D50 was not surprising as definitions and calculations 
are different. The definition of D50 says that drops with a diameter less than this value include 
only 50% of the water in the atmosphere. Hence, drops with a larger diameter cover another 
50% of the water. There is only one specific D50 value per rain rate value, but includes no 
information about the underlying DSD.  
 
In contrast, Dm is defined by the ratio of DSD moments and provides therefore some 
indication whether a lot of small or also some larger drops were observed. The information 
about the DSD is of high importance for the kinetic energy. Assuming a velocity of 80 m s-1, a 
spherical shape of the drop and a density of 1000 kg m-3 for water, the kinetic energy of drops 
with diameters of 0.50, 1.00 and 1.50 mm are 0.21, 1.68 and 5.66 mJ. The drop-size 
dependence of the drop fall velocity is not considered in this back-of-envelope calculation. 
For example, the cumulative kinetic energy of an event with 100 drops with a diameter of 
0.50 mm, 50 drops with a diameter of 1.00 mm and 25 drops with a diameter of 1.50 mm is 
with 246.10 mJ lower than of an event with 175 1-mm-drops and 293.21 mJ although having 
the same number of drops.  
 
The drop-size dependence of the kinetic energy is responsible for the shorter lifetime when 
using Dm instead of D50. When using D50, there are drops with a diameter that is 
underestimated compared to Dm, but also drops with a diameter that is overestimated. This 
discrepancy influences the kinetic energy, where too small assumed drops underestimate and 
too large assumed drops overestimate the kinetic energy. The underestimated kinetic energy  
cannot be compensated by the overestimated kinetic energy and therefore the overall kinetic 
energy based on D50 is lower compared to Dm. The higher kinetic energy of Dm causes faster 
erosion and a shorter lifetime.  



 
The calculated lifetime of 0.63 years using Dm is shorter than reported values in literature. 
Bartolomé and Teuwen (2019) write than LEE can occur only 2 years after installation. 
Eisenberg et al. (2018) shows that the AEP starts decreasing between 3 and 4 years after 
installation due to LEE. Hasager et al. (2020) reports calculated lifetimes with values between 
2 and 4 years for coastal areas. All of the mentioned studies illustrate that erosion is observed 
long before the end of the expected lifetime of 20-25 years. The lifetime of 27 years using D50 
is unrealistic compared to these values.  
 
In this study, LEE was modelled with a kinetic-energy model, which is sensitive to the drop 
size. Therefore, one has to keep in mind that Dm is also an estimated diameter. Even though 
Dm reduces the uncertainty of the lifetime calculation, it does not fully present the actual 
processes. It would be optimal to use the measured DSD for lifetime calculation.  
 
Nevertheless, these results underline the importance of the drop size for LEE, which has 
already been pointed out by Doagou-Rad and Mishnaevsky (2020) and (Verma et al. (2020). 
As the exact erosion mechanism is not yet completely understood, the exact influence of the 
drop size on the erosion damage is still part of on-going research. Based on experiments in 
rain erosion testers other erosion models with a lower influence of the drop size have been 
developed, like the accumulated-water model (Hasager et al., 2020).    
 
Although the number of intervals with rain was changed by +/- 18% on average, which caused 
a change of +/- 17% in the rain amount on average, the lifetime only changed marginal of 
around 2.5% compared to the lifetime using the measured time series of rain. What are 
possible reasons for this small change?  
 
Mainly intervals with low rain rate were added or removed, as the distribution of rain rate 
was kept similar for all three cases. Hence, one possibility could be that an increase or 
decrease of intervals with low rain rate do not cause a large change in lifetime. In case the 
distribution of rain rate would change, e.g., more intervals with higher rain rate due to 
climatic changes (Berg et al., 2013; Pendergrass and Hartmann, 2014), the lifetime change 
might be more distinct. In other words, the lifetime is more sensitive to a change of intervals 
of high rain rates than to low rain rates. The total number of intervals with rain plays probably 
no major role. This would be in line with the hypothesis of Bech et al. (2018) who suggest 
reducing the tip speed only during intense rain events.  
 
The small differences in the lifetimes considering different rain amounts is probably also 
influenced by the kinetic-energy model used for modelling the LEE. It calculates more damage 
for large drops, which are observed more often in events with high rain rates, than for smaller 
drops. As mainly the number of intervals with low rain rates changed, the related drop sizes 
were small as the approach from Best (1950) was applied. Hence, the impact energy did not 
change much, neither the lifetime. Note that for some years (e.g. 2003, 2006) the number of 
maximum or minimum numbers of intervals was the same as the measured number and 
nothing was changed.   
 
In general, the calculated lifetime using the data from station Hvide Sande with values around 
1.8 years is in accordance with observations in the field as mentioned earlier. This is 



interesting as the lifetimes were calculated using the approach from Best (1950) to estimate 
the drop size from rain rate in this case.  
 
In both sensitivity investigations, the application of the ESM extended the lifetime of the 
blade. Hasager et al. (2020) show an extension of the lifetime and an associated increase 
profit when reducing the tip speed in case rain rate exceeds 1 mm h-1. Skrzypiński et al. (2020) 
optimize the profit when applying ESM by defining the tip-speed limit as function of rain rate 
and price of energy. They conclude that it is enough to define the tip speed only using rain 
rate data. Optimal parameters for ESM depend also on material type and its resistance to 
erode (S-N curve). However, the positive effect of ESM on the lifetime has not yet been 
verified in a full-scale study. To provide the necessary input for ESM at a wind farm, a 
nowcasting concept using a vertical radar has been proposed (Tilg et al., 2020a).  
 
Satellite measurements can provide Dm (Gatlin et al., 2020), hence lifetime calculations would 
not be restricted to in situ measurements for characterizing of the risk of erosion. 
 

6. Conclusion  
 
Leading-edge erosion (LEE) is caused by the impact of drops and leads to reduced annual 
energy production (AEP) and higher maintenance costs. Therefore, it is of utmost interest to 
understand the sensitivity of blade lifetime on drop-size parameterizations and rain amount.  
 
We found that different parameterizations for the drop size cause different lifetimes. While 
an approach from Best (1950) allowed the estimation of the drop size (D50) based on rain rate, 
another approach provided the weighted-mean diameter (Dm) based on the drop-size 
distribution (DSD). The lifetime calculated with Dm was much shorter (0.63 years) compared 
to the lifetime calculated with D50 (27.72 years) due to higher kinetic energy with Dm. This 
result shows that lifetime is highly sensitive to the drop-size parameterization and the drop 
size itself. D50 might not be the optimal parameterization to model LEE with the kinetic-energy 
model as it does not consider underlying DSDs. Therefore, Dm is an interesting alternative. 
The ideal solution would be the calculation of the kinetic energy using DSD data itself.  
 
In contrast to the drop size, the sensitivity of lifetime on the rain amount was less 
pronounced. All three cases considering the reference, increased and decreased rain amount 
(and number of intervals with rain) had a lifetime between 1.86 and 1.77 years. However, it 
is not completely clear if the similar rain-rate distribution with frequently low rates in all three 
cases influences this result. A change of the rain-rate distribution could help to answer this 
open question.  
 
Both analyses showed that an erosion-safe mode (ESM) has a positive effect on the lifetime. 
In other words, by reducing the tip speed of wind turbines to a specific value in case the rain 
rate exceeds a certain threshold the lifetime was extended. In case of the different drop-size 
parameterizations the lifetime was extend around 2 times, in case of the different rain 
amounts more than 20 times. The optimal ESM parameters were a function of AEP loss, costs 
due to repair but also of the power curve of the turbine and included historical meteorological 
data. Hence, this approach seems to be a promising option to reduce LEE and extending the 
lifetime of wind turbine blades.  
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Abstract. Leading-edge erosion (LEE) of wind turbine blades is caused by the impact of hydrometeors, which
appear in a solid or liquid phase. A reduction in the wind turbine blades’ tip speed during defined precipitation
events can mitigate LEE. To apply such an erosion-safe mode, a precipitation nowcast is required. Theoretical
considerations indicate that the time a raindrop needs to fall to the ground is sufficient to reduce the tip speed.
Furthermore, it is described that a compact, vertically pointing radar that measures rain at different heights with
a sufficiently high spatio-temporal resolution can nowcast rain for an erosion-safe mode.

1 Introduction

Leading-edge erosion caused by precipitation impinging on
blades with high tip speed results in rougher blades and
a loss in annual energy production. According to Chen et
al. (2019), the most expensive and most time-consuming pro-
cess within maintenance of wind turbines is blade repair.
Durable leading-edge coatings are not yet available (Herring
et al., 2019).

Bech et al. (2018) propose to reduce the tip speed dur-
ing severe precipitation events to mitigate the effect of im-
pacting hydrometeors on the leading edge. They present
five different erosion-safe modes in which the tip speed of
90 m s−1 is reduced depending on the rain intensity (RI).
For RI ≥ 20 mm h−1 the tip speed is reduced to between 20
and 35 m s−1, for RI ≥ 10 mm h−1 between 10 and 25 m s−1,
and for RI ≥ 5 mm h−1 down to 20 m s−1. These erosion-safe
modes lead to an increase in the expected lifetime, from 1.6
years up to 107 years, assuming a specific rain climate. Fur-
thermore, they investigate the influence of the turbine con-
trol during intense rain events on the annual energy produc-
tion (AEP). The calculated AEP values range from negli-
gible reductions to significant increases. These calculations
are based on the assumption that the time of reduced tip

speed is 3 times longer than the actual time with RI above
the mentioned thresholds. The suggested erosion-safe modes
combine wind and precipitation measurements with a dam-
age model. The damage model itself describes the erosion
rate in relation to rain parameters (e.g. kinetic energy or ac-
cumulated amount of rain) and is based on laboratory mea-
surements. Hasager et al. (2020) find higher erosion rates at
coastal stations than inland stations in Denmark due to more
intense rain events with high wind speeds at these locations.
Furthermore, they show an increase in profit when the tip
speed is reduced to 60 m s−1 or lower in case RI exceeds
1 mm h−1.

The method of erosion-safe mode control is only possible
to implement based on adequate precipitation nowcasting at
the minute to second scale. To limit the power production
loss it is important to reduce the tip speed as early as possible,
for as long as needed and for as short a time as possible.

Nowcasting of rain characteristics for leading-edge-
erosion-safe mode control based on radar and Doppler li-
dar is a brand-new topic in wind energy. The proposed pre-
cipitation nowcasting for erosion-safe mode has similarity
to short-term forecasting for power production based on
ground-based remote sensing technologies like dual-Doppler
radar (Valldecabres et al., 2018a) and long-range scanning
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lidar at the minute scale (Valldecabres et al., 2018b). Lidar-
assisted yaw control, wake steering and induction control at
the minute to second scale observed from turbine-mounted
lidars (Würth et al., 2019) are also comparable to precipita-
tion nowcasting.

Radars are traditional instruments for precipitation obser-
vations, while coherent Doppler lidar is novel in relation to
rain (Aoki et al., 2016; Sjöholm and Mikkelsen, 2018). This
brief communication focuses on the radar-based precipitation
nowcasting for erosion-safe mode.

2 Theory

The time until a hydrometeor hits the ground is governed by
three parameters: distance between cloud base height and the
ground as well as the type and size of the hydrometeor, which
determine the resulting fall velocity.

The distance between the cloud base height and the ground
depends mainly on the location, the storm type and the re-
lated cloud type. It can vary between a few hundred to some
thousands of metres. Depending on the storm type and the
related growth mechanisms of cloud droplets, hydromete-
ors falling out of the cloud are liquid (drizzle, rain) or solid
(snow, graupel, hail). Solid hydrometeors start to melt when
they pass the 0 ◦C isotherm, which is the upper boundary of
the melting layer. In weather radar measurements this layer
is identified by high reflectivity values and is therefore called
the bright band. Thurai and Iguchi (2000) present a season-
and latitude-dependent distribution of the bright-band height
for stratiform events based on satellite measurements, where
the bright-band height is the height with the highest reflec-
tivity value. They find large seasonal variations in the bright-
band height for higher latitudes. Furthermore, they show that
the 0 ◦C isotherm from Recommendation ITU-R P.839-1 is
usually 500 m or less above the bright-band height. Accord-
ing to an updated version, P.839-4, the mean annual 0 ◦C
isotherm is around 2000 m above sea level for Denmark (In-
ternational Telecommunication Union, 2013). This distance
leads to a bright-band height of about 1500 m, which can
be taken as a rough approximation for the distance a rain-
drop falls until it reaches the ground. The bright-band height
in Denmark varies from about 3500 m in summer to 0 m in
winter (Rashpal S. Gill, Danish Meteorological Institute, per-
sonal communication, 2019).

Rain consists of different raindrop sizes due to collision-
induced break-up and coalescence of raindrops. In general,
a single raindrop has a diameter of between 0.1 and 8 mm,
although raindrops with a diameter of 10 mm have been ob-
served in relation to tropical clouds (Jones et al., 2010).
Small drops up to around 1 mm are spherical, while larger
drops have the shape of a flattened sphere. However, rain-
drops with a diameter of above 6 mm are rare as they break
up due to their flattened shape and the related hydrodynamic
instability or due to collision with another raindrop. Bringi

et al. (2003) compare raindrop size distributions (DSDs)
from different climates. They find a mass-weighted mean di-
ameter (Dm) of between 1.50 and 1.75 mm for convective
storm types in maritime-like environments and slightly larger
Dm, between 2.00 and 2.75 mm, for continental-like envi-
ronments. For stratiform storms they report Dm values of be-
tween 1.25 and 1.75 mm but no clear distinction between dif-
ferent environments. These Dm variations show that, besides
location-dependent influences, raindrop formation processes
related to specific storm types play a major role in determin-
ing the DSD.

Besides its shape, the fall velocity of a hydrometeor is
controlled by three forces: gravity, buoyancy and the aero-
dynamic drag force. The fall velocity of a raindrop in still
air, called the terminal fall velocity, increases with the drop
diameter. This velocity increase is approximately linear for
small sizes and non-linear for large sizes. One of the most
used empirical equations to calculate the fall velocity of rain-
drops is based on investigations from Atlas et al. (1973).
However, this equation does not take into account the alti-
tude dependence of the fall speed due to the reduced aero-
dynamic drag force with decreasing air density and increas-
ing altitude. Jones et al. (2010) provide an equation consid-
ering a density ratio factor compared to the standard atmo-
sphere to consider this altitude-dependent change. Raindrops
might not achieve terminal fall velocity during (heavy) rain
because the collision-induced break-up and coalescence of
drops cause repetitive increases and decreases in the fall ve-
locity (Jones et al., 2010). Furthermore, as rain consists of
different drop sizes, there will always be raindrops that are
faster and slower.

Assuming a raindrop with a diameter of 1.5 mm, its termi-
nal velocity is around 5 m s−1 according to the equation of
Atlas et al. (1973). Considering a rain height of 1500 m, the
raindrop needs 300 s (5 min) to fall to the ground. This time
can be used to decelerate the tip speed of the wind turbine
blades to reduce the impact energy by the drop and therefore
the erosion of the leading edges. For comparison, a larger
raindrop with a diameter of 2.5 mm has a terminal velocity
of around 7 m s−1 and needs 214 s (3.6 min) for the same dis-
tance.

Solid hydrometeors have different properties than rain-
drops. This difference results in different fall properties and
impact behaviours on the leading edge of the wind turbine
blade. The impact of hail and graupel causes more damage
compared to rain. The focus of this publication is on the now-
casting of rain as hail and graupel are less frequent (Macdon-
ald et al., 2016), and snow is not relevant.

3 Application

Operational nowcasting provided by national weather ser-
vices like Integrated Nowcasting through Comprehensive
Analysis (Haiden et al., 2011) combines available observa-
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tions from weather stations, weather radars and satellites
with forecasts of numerical weather prediction models. They
provide values of precipitation amount and type in addi-
tion to other parameters in real time. However, in offshore
environments, where enhanced leading-edge erosion is ob-
served, observations from weather stations are usually not
available. C- and S-band weather radars that are operated
nationally and usually installed onshore cover large areas,
including many offshore wind farms, with a temporal res-
olution of ≥ 5 min. However, some notable disadvantages of
these weather radars for a nowcast of precipitation for off-
shore wind farms are as follows:

– Partial beam filling. The precipitation does not com-
pletely fill the scanned volume because it increases with
increasing distance from the radar. This condition can
lead to an underestimation of RI.

– Overshooting. The height of the radar beam is above
the precipitation because the height of the radar beam
increases due to the scan elevation angle and the curva-
ture of the earth. This condition can lead to an underes-
timation of RI or even failure to detect precipitation.

– Clutter caused by wind farms. Reflections produced by
wind farm infrastructure wrongly indicate precipitation.

These and other limitations like anomalous propagation of
the radar beam can be detected, but for some cases a cor-
rection is difficult (e.g. beam filling). This situation leads to
some uncertainty in the precipitation parameters. Locally in-
stalled sensors measuring vertical profiles of precipitation are
therefore an interesting option for nowcasting using the de-
scribed time difference between the detection and impact of
raindrops. Takahashi (1990) presents the Precipitation Par-
ticle Image Sensor (PPIS). Like a radiosonde, this sensor
measures the precipitation at a certain height while ascend-
ing through the atmosphere. In contrast, vertically pointing
radars provide continuous precipitation measurements at dif-
ferent altitudes at the same time.

An example for a ground-based vertically pointing radar
is the Micro Rain Radar (MRR) from METEK. It is a com-
pact, 24 GHz (K-band), frequency-modulated continuous-
wave (FM-CW) Doppler radar with a parabola antenna point-
ing vertically (Peters et al., 2002). The latest model, MRR-
PRO, has a vertical resolution of >10 m and can provide an
averaged Doppler spectrum of the hydrometeors in ≥ 1 s; i.e.
a Doppler spectrum of roughly 10 m for each second is avail-
able.

In case of rain, the first moment of the measured Doppler
spectra allows the estimation of the fall velocity of the rain-
drops via the Doppler velocity. Based on the calculated fall
velocity, the raindrop size can be estimated using the previ-
ously mentioned relationship between these two parameters
inversely. The availability of the raindrop size and fall ve-
locity allows the calculation of further rain parameters like

the rain reflectivity and RI (assuming Rayleigh approxima-
tion) for different heights. These calculations assume that
only raindrops and no solid hydrometeors or a mix of both
(i.e. sleet) backscatter the signal.

Figure 1 shows the temporal and vertical evolution of the
radar reflectivity, fall velocity and RI of an event in Decem-
ber 2019 in Plymouth (United Kingdom) measured with an
MRR-PRO. This MRR-PRO provided data every 10 s up to
3200 m above ground. The high values of the derived param-
eters reflectivity and RI between 2000 and 1600 m indicate
a melting layer. Below this layer, precipitation falls as rain,
and RI close to the ground is above 5 mm h−1 for several
consecutive minutes. Rain that was registered at the lower
boundary of the melting layer, for example at 17:34 local
time, arrived around 2 min later at the height of a turbine hub
(approximately 100 m above ground). This time difference
is shorter than the expected time based on the above calcu-
lations. One reason is the reduced air density and therefore
reduced aerodynamic drag at higher altitudes, which lead to
higher fall velocities. Additionally, because of break-up and
coalescence processes, the actual fall velocity can differ from
the terminal fall velocity with velocities even above terminal
fall velocity (Montero-Martínez et al., 2009). Nevertheless,
in principle, the measured time difference would enable the
erosion-safe mode control to reduce the tip speed of the wind
turbine blades in due time when observing a rain event with
light or moderate RI.

Although the tip speed may have already been re-
duced when observing heavy or violent rain events
(RI >10 mm h−1) following the suggested RI thresholds
from Bech et al. (2018) or Hasager et al. (2020) for applying
an erosion-safe mode, it is still important to measure events
with such a high RI. Adirosi et al. (2016) observe an increase
in the median volume diameter of raindrops from 1.25 mm at
1050 m above ground level (a.g.l.) to 2.07 mm at 105 m a.g.l.
during the convection phase of a rain event with high RI.
This increase is probably due to coalescence and drop sort-
ing. Therefore, it is possible that the RI at the wind turbine
is higher than measured at some distance for the nowcast.
The nowcast would not be as effective unless measurements
closer to the wind turbine were included to check for such an
increase. As larger drops fall faster, the time for reducing the
tip speed in due time is shorter.

Nevertheless, an advantage of the MRR is that the height
information of the melting layer can also help to identify the
risk of blade icing, especially in cold climates. Furthermore,
the MRR measurements are not disturbed by the flow around
the sensor in contrast to in situ sensors like disdrometers
(Testik and Rahman, 2016). However, in events with notable
vertical wind (e.g. thunderstorms), the calculated RI based
on the MRR-PRO raw data includes some error as still air
is assumed. The radar beam of the MRR-PRO is attenuated
more strongly at greater heights (>1 km) during violent RI
compared to C- or S-band radar beams. The path-integrated
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Figure 1. Radar reflectivity (dBz), fall velocity of raindrops (m s−1) and rain intensity (mm h−1) based on Micro Rain Radar measurements
in Plymouth (United Kingdom). The vertical axis describes the vertical distance from the sensor and the horizontal axis the time (UTC).

attenuation (PIA) parameter of the MRR-PRO contains this
information and can help to identify violent rain events.

The automatic detection of solid hydrometeors with the
MRR is still challenging as these precipitation types have dif-
ferent fall properties than rain. However, they can be detected
by the synopsis of different rain parameters provided by the
MRR.

4 Conclusions

Erosion-safe mode needs, like other parameters in wind tur-
bine controlling, a nowcasting with high temporal and spa-
tial resolution. Theoretical investigations showed that it takes
a raindrop around 5 min (or less) to cover the distance be-
tween the melting layer and the ground. If the raindrop is de-
tected when it starts to fall, this time difference is sufficient
to enable erosion-safe mode with reduced tip speed. Ver-
tical precipitation profiles can be obtained using vertically
pointing radars. For example, the Micro Rain Radar (MRR)
from METEK points strictly vertically and measures Doppler
spectra up to 3 km with a resolution of >10 m. Due to the

high temporal resolution, the Doppler spectra and the related
rain parameters are updated frequently and can be used for
nowcasting. Using a vertically pointing radar also allows the
height and temporal evolution of a possible present melting
layer and solid hydrometeors to be captured. Based on these
reflections it is possible to measure and nowcast rain where
vertical precipitation profiles with a high spatio-temporal res-
olution are essential. This nowcasting technique can be ap-
plied onshore and offshore. Future work includes the combi-
nation of vertically pointing radar measurements and damage
models to improve erosion-safe mode models and their oper-
ational use.
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