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ABSTRACT

The wind speed profile in a marine environmentnigestigated using the data provided
from the German offshore research platform FINO:d the meteorological mast of the Dutch
offshore wind park Egmond aan Zee. The data arepaced to the Monin-Obukhov Similarity
Theory using the Richardson Bulk Method, the Ridean Gradient Method and the Profile
Methods. The results show that the models do reatigrr the wind speed profile well especially
for stable stratifications and large scatter isspré. Each model shows different ways to
estimate the wind speed profile. The RichardsonkBMlethod provides more accurate
estimations as compared to other methods and this preferred in further analyses. A
sensitivity study is conducted for the model inpatameters. The effects of sea surface and air
temperatures, coast distance (fetch), referencd gpeed and surface boundary layer height are
analyzed in terms of mean wind speed estimation indtandard deviation. The model is
indeed sensitive to those parameters, especialjyrtemperature and surface boundary layer
height. The use of satellite model database fahaife wind energy purposes is shown in the
last part of this work. The weather forecast mad@iSMO-EU, stored in the database of the
Deutscher Wetterdienst DWD, is analyzed consequenttl the data are compared with the
measurements of FINO-1 for validation. Combinatiafisreal and estimated measurements,
respectively from FINO-1 and DWD, are shown for semface and air temperatures and

relative humidity.
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Chapter 1

INTRODUCTION

The offshore wind energy is gaining more and monpdrtance in the scenario of the
European renewable energies. Due to high costsstdliation and maintenance, it is important
to have a good assessment of the wind speed profiewind speed at the turbine hub level is
used in the assessment of the energy yield ankhitweledge of the wind shear helps estimating

the turbine structure loads (for example stresgdatof the blades).

In the last few years a lot of companies and &t have spent money and interest in the
investigation of the wind field over sea surfacghtighting the differences with respect to
onshore conditions. Several parameters influengavihd offshore: the distance from the shore
(fetch), the stability of the atmosphere, the waard currents. In the last years, according to
different authors, a theory developed for the flvove canopy in the ‘50s by the Russian A. S.
Monin and A. M. Obukhov has been used to deschbeotfshore wind speed profile. Several
researches have been conducted, especially indhie Bea, to validate this theory. Many of
these works have been conducted using measureroleses to the coast and with a short
meteorological mast (only up to 50m). The resuitenf these experimental campaigns do not
show consistent results but rather considerablereiin the wind speed prediction. However,
nowadays, this theory is applied more and more dfishore wind profile estimation.
Furthermore in literature different results haverbebtained treating the data differently and

using dissimilar definitions of important model pareters.

The aim of this work is, hence, to provide an ihsignto the Monin-Obukhov Similarity
Theory for the North Sea, using two significantsbffre databases and one weather forecast
model database. The offshore databases are theaGeassearch platform FINO-1 located at

about 45 km from the coast and the meteorologi@trof the first Dutch offshore wind farm
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28 INTRODUCTION

Egmond aan Zee at about 18 km from the shore. Hagher forecast model is the COSMO-EU
run in the computers of the German National Weatherecast (Deutscher Wetterdienst,
DWD). Five variants of the theory are applied tesh offshore databases, a sensitivity study
and a comparison between real data and weatherl medeonducted. The goal of this study is
to validate wind shear offshore using various datasand coupling it with the previous
researches about this topic.

The work is divided in five chapters explaining tbdferent aspects of the problem.
Chapter 2 explains the assumptions and equatiotie dflonin-Obukhov Similarity Theory and
of the five variants treated. Further an overviwAC®@SMO-EU model is given. Chapter 3
provides an insight into the three aforementionatlbses. In Chapter 4 the results of the five
model variants are compared with the measuremdntieotwo offshore sites FINO-1 and
Egmond aan Zee. Chapter 5 treats the sensitivitglysbf several input parameters of the
Monin-Obukhov Similarity Theory. Chapter 6 invesiigs the DWD database and compares it
with the data of the platform FINO-1. Few conclusioand recommendations are given in
Chapter 7.
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Chapter 2

THE MODELS

The wind speed profile of the atmospheric boundeygr (PBL) cannot be easily assessed
due to many parameters influencing the phenomermioa.air can be regarded as a Newtonian
fluid and modelled by means of the Navier-Stokasaéigns. The most common relation comes
from the Navier-Stokes equation for the turbulekicetic energy TKE (see Chapter 5 of [1]),

where TKE is the sum of the average square fluictust of the wind velocity

(TKE = 05[Qu” +Vv? +w?)). In this relation several terms contribute to thfinition of

TKE (buoyancy, dissipation, etc.). All these terhave been divided by.*/kz to make the

relation non dimensional.
kz@
— = 2.1
L% (21)

The left hand side of equation (2.1) representsntieehanical or shear production/loss
term in the non-dimensional TKE equation. If thbestterms are included altogether in the
right hand side, equation (2.1) shows that the vgipeled gradient can be written as a function
of an appropriate non-dimensional universal funcig and that is proportional to the friction
velocity u- (as defined in (2.2) for appropriate system otrefice, withu’ andw’ the wind
speed fluctuations respectively parallel and pedfmerar to the average of the main wind speed

componentll), k the von Karman constant (normally equals to Ond)) the reference level

W =lu'w] 2.2)

When it is possible to assume that the mechanigal whear term is in equilibrium with

the buoyancy term (i.e. the effects compensate)utfiversal functiorgg, is obviously equals to
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30 THE MODELS

1. Hence, for these conditions, equation (2.1)km@Arewritten as in (2.3) and integrating its both
sides between the roughness lerggt(i.e. the height above ground for which the wipded is

assumed equal to zero, see [2] and [3]) and tleearte height,e, as shown in equation (2.4).

o =2 9z 2.3)
kz
l'lref Zref u*
du = dz 2.4
l j = (2.4)

Solving equation (2.4) and considering a generadlizand wind speed, the logarithmic
wind speed profile is found. This relation is vatidly for near-neutral conditions, i.e. when

is 1.
“Uy2
u(z) = ” In(zoj (2.5)

For general conditions, the universal functignis not 1 and the derivation of the wind
speed profile is more complex. A specific univeifsaiction that takes into account the values

of the other terms (like buoyancy and dissipatiarthe TKE equation is needed.

This necessity is overcome via the Monin-ObukhawiBirity Theory (MO}. This theory
(valid only within the lower part of the atmosplefoundary layer and for stationary
conditions) was developed in 1954 by A. S. Monid &n M. Obukhov [4], describing the wind
speed profile above the canopy. They assumed, dgiogoro Buckingham’§I-theorem, that the
parameterg)/Ty (with Ty the surface temperature), andq/(c,.p), (q being the kinematic heat
flux, c, the specific heat angd air density), describe the atmospheric turbulericeve the
canopy. Only one parameter with the dimension aigtle is possible to describe these
processes, the Obukhov Lengtifequation (2.6)).

! Similarity theory isan empirical method of finding universal relatioipshbetween variables that are made
dimensionless using appropriate scaling factors.
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THE MODELS 31

ul

L=-—%
k9w
TO

(2.6)

In the surface layer (Prandtl-layer, constant flayer), the vertical fluxes were assumed to be
constant with the elevation adfdandw’ represent the fluctuations of temperature andoart
wind velocity.L is an index of the surface atmospheric stability srdicates how the heat and
momentum exchanges influence the wind shear. FraokiBgham'slI-theorem, the universal
function of the wind speed gradient should be alfgnction of the dimensionless parameter
{=z/L and similar for the temperature gradient; thusaéigas (2.7) and (2.8) are found.

ace com(fj (2.7)
%Eﬂ = qq(fj (2.8)

Hence, integrating these two equations the expmesdor wind speed and potential temperature

profile are found.

8(2) = 6(z) +

(2.10)

sy o) w(i)
el

In these equations¥,, and ¥; are universal functions for wind speed and tentpesa

N
N—
|
€
7\
N

N——

||

respectively - is the temperature scale ands the surface roughness length for temperature.
The most used universal function (especially fandmenergy applications) is the Businger-Dyer

for wind speed and temperature profiles, as sugdest[5]:
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32 THE MODELS

wm(fj = wt(fj =22 (2.11)
L L) L

wm(fj = 2|n[(1;x)} + In{(1+2x2)} ~2tan(x) +7_2T

L

2

" (E) _ 2|,{(1+_X2)} (2.12)

x=[1-(160%/ L))"

me(fj =y (Ej =0 (2.13)
L L

Equation (2.11) is valid for stable conditions, lghifor unstable and near-neutral
conditions equations (2.12) and equation (2.13) lrekpectively. The airflow varies under
different atmospheric stratifications due to thiéedéent roles played by the momentum and heat
fluxes. Hence, as function of stability, the wirngksd profile assumes different shapes. For this
reason it is important to distinguish between stabinstable and near-neutral atmospheric

stratifications and to provide different equations.

The stability of the atmosphere is basically deteed by comparing the lapse rate of an
air parcel to the lapse rate of the surroundingiar environment. A stable atmosphere is the
one strongly resistant to change. If some exteffoate, such as orographic lifting or
convergence pushes the air upward, the temperafdhe rising air relative to the environment
suggests that the air would rather return to itgimal position. In a stable atmosphere, if one
lifts a parcel of air, the temperature of the msair will decrease rapidly so that its temperature
will always be colder than the temperature of theirenment. Colder air sinks. If the force
pushing the air up suddenly disappeared, the pavoeld sink back to its original position
where its temperature and pressure would be ifiledquin with the environment. Another way
of stating that the atmosphere, or a layer in th@aphere, is stable means that the lapse rate of

the rising air is greater than the lapse rate ef éhvironment. (Note: A positive lapse rate
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THE MODELS 33

indicates a decrease in temperature with height.layer characterized by a temperature
inversion, defined by a negative lapse rate, isicEmed extremely stable. These inversions near
the surface often occur in the early morning hdafore sunrise. Normally stable stratifications
occur when warm air flows over cold surfaces. Ineaitral atmosphere (or near-neutral) the
temperature lapse rates of air parcel and envirohraee equal. If a parcel of air is lifted
through a neutral layer, the temperature and presstithe parcel will be identical to the
temperature and pressure of the surrounding awverty level and it is always in equilibrium
with the environment. If the force producing thetimio ceases, the parcel will neither continue
to rise nor begin to sink, rather, the motion oparcel will also cease. At times, in the
atmosphere, a little push goes a long way. If @agdasf air is lifted and continues to rise after
the lifting force disappears, the atmosphere idalnhs. In an unstable layer, the lapse rate of a

rising parcel is less than the lapse rate of tvr@mment.

The Obukhov length is the parameter used to define atmospheric gtabihe stability
is usually classified in five classes, according6ip as reported in Table 2.1. The use of classes
helps to understand the different wind profileshwi¢spect to the stability of the atmosphere.
The non-dimensional parameterz/L is positive for stable conditions, negative fostatle and

almost zero for near-neutral conditions.

SEYASESS Range

Very stable 0<L<200m
Stable 200 <L <1000 m
Near-neutral IL| > 1000 m
Unstable -1000 <L <-200 m
Very unstable -200<L<0m |

Table 2.1: Stability Classification

The estimation of is thus the most important element in the debnitdf the wind speed
profile (according to MO) but it is not straightfeard. There are different methods proposed in

literature and three will be treated and used tlyse two datasets presented in this work.

The theory proposed until now is valid both for lom® and offshore. The difference
between them (assuming MO valid for surfaces oth@n canopy) is only in the definition of
the roughness length. In onshore fields, the roeghrength is constant and depends on the
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34 THE MODELS

characteristics of the terrain. Offshore, instatds related to the height and the shape of the
waves, which varies. When the wind blows over the, she roughness depends on the wind
speed itself. The shear between the fluids (watdradr) creates the movement of the water and
the wave’s origin. The height of the waves is actiom of many factors, but the most important

are the surface wind speed, the upstream and deanstdistance from the coast and the sea
depth. This gives difficulties in modelling the ghness parameter. In literature many works
can be found on this topic and different modelsehbeen created and tested, however the
differences in the results are small (see [7], [8],and [11]). The most common model is the

Charnock’s equation [12]. It takes into account Weeve field considering its dependence on

friction velocityu- as shown in equation (2.14):

a (2.14)

N
I

where a is the Charnock’s coefficienfy the acceleration of gravity anal is the friction
velocity. This formulation is a common parametribaracterisation of the aerodynamic
roughness length over water, which does not exilicicorporate information on wave state. It
assumes that the wave state influence on the rasgHangth is represented by surface stresses.
a is an empirical value and it is site dependerit therefore advisable to compute its value for
every site rather than take a reference value.Gifenock’s equation can be in this way tuned
by means of its parameter Rearranging equation (2.9) as a functiornofind substituting it

into (2.14), it is possible to find the equatioatthinks directly the, and the mean wind speed;

_a u [k
“g|lIn(z/z)-w,(z/L)

Z, (2.15)

in which u is the wind speed measured at the reference &lavatSince it is not possible to
know in advance the suitable value of the Charrodgefficient for each site, the value of
0.011 is recommended in the standards [13]. Howiewvittis work the value of 0.0144 has been

used according to references [5] and [14].
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Methods to estimaté are shown in the following sections of this chapiehey are:
Richardson Bulk Ri,u) Method, Richardson GradienRif.qeny Method and Profile Method.
The Profile Method has three variants: Sea Temperals.) Profile Method, Temperature
Difference {Tqr) Profile Method, Wind Speed and Temperature Déifee UqgiTqi) Profile
Method. The last section describes the weathecéstenodel COSMO-EU.

2.1 Richardson Bulk Method

Air and sea temperature measurements are usedh¢ogeith the wind speed at a certain
elevation. An approximation method suggested bycka and Fairall [15] is proposed. The
dimensionless stability parametéis proportional to the bulk Richardson numBgyaccording
to equation (2.16) foRi, < 0 and to equation (2.17) f@ < Ri, <0.2. The model does not work
for values ofRi, larger than 0.2. The coefficien®&andC, can be found in literature and they

offer different values. Respectively the valued@fand 5 are suggested in [15].

{ =CRj, (2.16)
__CRj
{= 1-CRi (2.17)
. g zAf8
Ri, = -2 —X
b= (2.18)

46, indicates the virtual potential temperature défere between reference lexeind sea
surface level. The variables needed for this coatprt are the air virtual potential temperature
8, atz, the air virtual potential temperatuég.i-seaat the air-sea interface and the wind speed
The wind speed is regarded as reference wind speed, while thdigieel wind speed at higher
levels is callediyeq Upreq IS then compared to the highest level wind spgggof the met masts

(90m in FINO-1 and 116m in Egmond aan Zee). Theidiwal potential temperatur@ derives
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from the absolute temperatufein which the pressur (potential) and the relative humidity
RH (virtual) are taken into account. When offlyis considered the potential temperatéris
found. Similar, with RH the virtual temperaturd, is found. Air temperature from the

measurements is always the absolute temperaturialaeltedT.

m.s.l.

I |
I |
E| I
™) |
] |
FINO-1 ¢ i
T Egmond i
aan Zee‘ v
Tm

Figure 2.1: Sea surface temperature and submerging senstiopasiFINO-1 and Egmond aan Zee.

The situation is complex whef,, 4iseq has to be defined. Figure 2.1 shows how the sea
temperature is measured in FINO-1 and Egmond aan M absolute temperaturd$,)(are
taken at 3m below the mean sea level for FINO-1 & for Egmond aan Zee. These
temperatures are supposed to be the respectivevagenti SST which is the absolute
temperature of the particles (where particle cardéined as a small volume with the same
characteristic of pressure, density and temperpairéne air-sea interface. In other word@ig,is
equivalent toSSTand hence equals tdy.se. With these assumptions the effects of the
temperature gradient within the seawater, the skiol- and warm-layer effects [16] are
neglectedT,.seaiS converted into the virtual temperature,., assuming &H of 100%. Since
TVseaiS at the sea level, it corresponds to the paikwtitual temperature because the pressure is
equal to the referend®,. Thus the temperature used in Rig,x Method iSTvse, and 40, is
expressed in (2.19).
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A0y =TVsex 8, (2.19)

The results with both virtual and absoldig. s.oare shown in Chapter 5; in this case the
absolute sea surface temperature is labélled A distinction is made between measured sea
surface temperature and value used as input fomthd@els. The sea surface temperature is
always labelled a&STwhen the value of the measurement is considened fais always
intended as the temperature value of the seawatéclp). This is because in the two offshore
databases the submerging temperaliyrés assumed to b8STwhile DWD database provides
the “real” value ofSST The sea surface temperature value (i.e. the tenye value of the air

particle) used for the calculations is always IBTERST Vs, OF Teea (Virtual or absolute).

2.2 Richardson Gradient Method

Temperature and wind speed difference at two élavatare used to estimate the gradient
Richardson numbeRi, ([7],[10] and [11]):

(9/6,)(28,14z)
(Bu/ Azy

Ri, (z')= (2.20)

The termA48/4z is the potential virtual temperature differenceaapecific vertical elevation
difference. All the differences are taken with firet measurement lower than the second, as
expressed in (2.21).

Az=2 -z, (2.21)

Equally, 4u/4z is the wind speed difference at a specific vertalavation difference. The
height z’, at whichRi, is valid, can be estimated, according to refergBteas reported in
(2.22).
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Z'—M (2.22)

In(z/32)

TheRi,is converted td by means of equations (2.23):

2 Ri, <0
IA
L= :
z'(1-5Ri,) , (2.23)
—~_— 2/ 0<Rj,<0.2
Ri,

it means that foRi, higher than 0.2 the model loses validity, thusséh@alues have to be

excluded in the computation.

2.3 Profile Methods

Using the gradients af, @and humidity, it is possible to construct methdus o not use
direct formulas to estimate but an iterative process. Three different profilethods are
presented in this work and they differ slightly tbe definition ofu. and the virtual temperature

scaled.,. The whole procedure suggested in this work iplyesxplained in [5].

The method begins giving the initial values lofand z, respectively -12and 0.0002.
Knowing these two values the universal functionstii@ wind speed¥;,) and the temperature
(¥) profiles can be found using the relationships dtable (2.11), unstable (2.12) and near-
neutral (2.13) conditions. For even more stablait@mns ¢/L > 0.5 the universal functions are

equal and it holds equation (2.24), suggested]in [5

wm(fj :—0.7—2—{0.75{3— 10.72(‘0'35(“”)}— 10.7 (2.24)

L L
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At this step, knowing?,, and ¥, u. and 8, can be calculated using the three methods

proposedT,., Profile Method5], Tgr Profile Method[14] andUTgi Profile Method17].

2.3.1 Sea Temperature Profile Method

The measurements used with this method@r8ST T andRH. Generallyu andT can be
measured at different levels but in this paper they taken at the same elevatorRH is
measured at and used to avoid the humidity universal funciiothe computation. This means

that g, is used instead af. SSTis used to calculated the/s., (With the assumption of 100% of
RH, as explained in section 2.1).

u- and@, are calculated using relation (2.25) and relafibb@6) respectively.

"= u(z) k
z)_ z (2.25)
Mzo] Wm( LH
— (gv B Tvsea Dk
S (7) (2.26)
|:|n(2[j - LIJtKL)j|

Where z is the roughness length for temperature and fumetion of stability in the form
expressed in (2.27).

z =22x107, for(z/L >0)

2.27
z = 4,9)(10_5, fOr(Z/ L< 0) ( )
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2.3.2 Temperature Difference Profile Method

The measurements used with this method @@t one level and two air temperatures at
two different levels. In this worlt andT are taken at the same lezgbhnd the othef at higher-
level z.. FurtherRH is measured & andz. u- and&, are calculated using relations (2.28) and

(2.29) respectively.

(88

()l

2.3.3 Wind Speed and Temperature Difference Profile Method

In this last method the measurements are wind speed air temperatures at different
elevations. The wind speeds and temperatures kea & the same two levelsandz. RH is

measured a; andz. u- andé, are calculated using equations (2.30) and (Z&xpectively.

U = (u2_ul)[k
{In{éj—w (22}+w (Ziﬂ (2.30)
A "L "L
g — (52v_51v)[k

T e
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With the values of thek, the roughness lengi is calculated using the Charnock’s

equation (2.14). Using the calculatedand &, the newL is estimated (2.32).

(u)6,
kol

L= (2.32)

This new value of. and the new, are then used as starting points to compute thevaf 7,
and ¥ and so, the new- and &,. The iterative routine ends when the changk is less than
5% or when the number of iterations exceeds 10.vahee ofL and the last value & are thus
utilised to estimate the values of wind speed glhéri elevationsue.qandumeasare respectively
predicted and measuredt the highest anemometer level).

2.4 \Weather Forecast Model COSMO-EU

The last part of this work focuses on the capabibit describe the wind profile offshore
using data obtained by a weather forecast modeladfoeve this goal, a research is done
looking for the most suitable model in the regidrihe North Sea and the COSMO-EU weather
forecast model [18], provided by DWD (Deutscher Wfetienst), has been chosen for its wealth

of data (wind and sea state) and its finenesseofjttd points.

COSMO-EU is a subdivision of a global weather fastanodel (GME). GME s the first
operational weather forecast model that uses aalmiral-hexagonal grid covering the globe.
This grid structure offers the advantage of a ma#mall variability of the area of the grid
elements. The macro-triangulation of the GME gsithésed on an icosahedron on the surface of
a sphere. Two of the twelve vertices of the icodatre coincide with the north and south poles.
Connecting the twelve vertices by great circle g26striangles on a sphere (non-Euclidean) are
formed with an edge length of 7054 km (see Figugg. By iteratively sub-dividing these large
triangles into smaller ones, a grid of the requiesblution can be derived.
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Figure 2.2: Structure of GME grid, first icosahedron with 2@da [19].

The grid spacing of the resulting grid is definedtlae mean edge length of the smallest
triangles; currently the grid spacing of GME iskd. The vertices of the triangles, which form
the grid points, are surrounded by six (five at 1Respecial points of the original icosahedron)
triangles. The grid points are therefore the centriethese hexagons or pentagons. The GME
grid approximates the sphere by 368630 hexagotid ¢gacing of 40 km) and 12 pentagons.
The mean size of a grid element is thus 1384. kil model variables are defined as mean

values over the area of a grid element.

The main variables of GME are surface pressurejzdmtal wind components,
temperature, specific contents of water vapounyahater and cloud ice and ozone in 40 layers
of the atmosphere, from the surface up to a hefyapproximately 31 km.

The observations used as input to the GME model are

* land stations and ships (surface pressure, temyperahd humidity at 2 m as well
as horizontal wind speed and direction at 10 m alibe ground)

* buoys (surface pressure, horizontal wind speeddamdtion at 10 m above the
sea surface)

» radiosondes (vertical profiles of wind, temperatame humidity)

« aircrafts (wind, temperature)

» vertical sounders on polar-orbiting satellites (penature)

« geostationary satellites (wind state from sequenteatellite images)

The outputs from the GME model are then used asdsry conditions for the regional

model COSMO-EU (i.e. the model with finer grid asmnulation timing for the Europe).
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COSMO is one of the first operational Numerical \tthea Prediction (NWP) models worldwide
based on the full Euler equations without any sdajgendent approximations. Such non-
hydrostatic models solve, contrary to traditiongtitostatic models like GME, a prognostic
(predicted) equation for the vertical velocity. Nieydrostatic models could in principle use
extremely small grid spacing, e.g. 100 m, whilerogtatic models are restricted to grid spacing
larger than 10 km, i.e. to scales where verticakksrations are small compared to horizontal
accelerations. The non-hydrostatic equations descdtie atmosphere by the same kind of
equations which are used in general fluid dynamiggiout using special approximations for
meteorological flows, which commonly are used fargk-scale atmospheric flows. The
application COSMO-EU (COSMO Europe) covers the &asAtlantic and Europe with 665 x
657 = 436905 grid points at a grid resolution &in7. The model has a rectangular grid instead
of triangular ones as for GME and it has 40 layerthe atmosphere from the surface up to a
height of approximately 24 km. Therefore COSMO-Edalves many local topographic details

(like orography) which have an important influemcethe local weather.

The atmospheric prognostic variables of COSMO-EJpessure, horizontal and vertical
wind components, temperature, specific contenteatker vapour, cloud water and cloud ice,
rain and snow, and turbulent kinetic energy. Olierdceans, the sea surface tempera®®g (
analysed once a day, is kept constant througheubtiecast range. TH&STis analysed at UTC
00 and changed at UTC 01, i.e. the data at UTG @€ili the value of day before.

For the daily operational schedule of COSMO-EUai$ o differentiate between the data
assimilation and forecast suites (see Figure Z.B& initial state of COSMO-EU forecast is
based on a nudging analysis scheme, which allogiméating continuously all observations
available at high temporal resolution like surféeeel, wind profiler or aircraft data. Eight
times a day the forecast suite provides predictairihe weather up to 78 hours (based on the
00 and 12 UTC analyses), 48 hours (for 06 and 1&)Jdr 24 hours (for 03, 09, 15 and 21
UTC). COSMO-EU forecast fields are stored at hourtgrvals.

The data in the assimilation scheme for the COSM@lehis based on the nudging
technique. This consists of subsisting supplemgntarrection terms in the forecast model
equations during the forward integration of the eldd time (with a time step of 40 seconds).
Throughout the assimilation sequence, these teatex the model state gently towards the
observed values and thus ensure that the modellogesven a way confirmed by the

observations. The observations used in this nudgcignique are listed below:
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- land stations and ships (surface pressure, humadi®m and wind at 10 m above the
ground; temperature observations at 2m height@remtly used to derived information
on the soil moisture rather than to influence diyethe atmosphere in the model)

« buoys (surface pressure, wind at 10 m above thewséace)

- radiosondes (vertical profiles of wind, temperatared humidity)

- aircrafts (wind, temperature)

- wind profilers (vertical profiles of wind)

The research platform FINO-1 is included in theeslbation sources and it is considered

as a ship by the model.
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Figure 2.3: Analysis assimilation mode [19].

Even in the relatively fine-mesh grid of COSMO-EUis not possible to simulate all
small-scale processes directly. One example igutirilent exchange of momentum, heat and
water vapour between the ground and the lowestdayfethe atmosphere. The related processes
have typical dimensions of only a few meters. Age processes thus defy direct simulation in
the model grid. In relation to the model grid theg sub-grid scale processes as opposed to the
grid-scale processes that can be directly simuldfbe scales of the parameterised processes
are separate from those of the directly simulatetgsses that despite their small dimensions
must not be neglected. Intensive interaction ocaurthe atmosphere between all processes,
even when they have completely different charastierdimensions. This is why the sub-grid
scale processes are also important for the cosieuilation of the grid-scale processes in the

NWP models. Therefore, they must not be neglectebitaken into account by means of so-
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called parameterizations. The following processesparameterized in the NWP models of the
DWD:

* radiation

» grid-scale precipitation, cloud microphysics

» formation of showers and thunderstorms

» formation and dissolving of clouds

» turbulent exchange of momentum, sensible and ldteat between the earth's
surface and the atmosphere

» sub-grid scale orographic effects (mainly from naims)

» processes in the uppermost soil layers

Andrea Venora
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Chapter 2

OFFSHORE DATABASES
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Figure3.1: FINO-1 and Egmond aan Zee, Google Eaithage.

In Figure 3.1 the locations of the two meteorolagimasts are shown using the satellite
image of Google Earfh
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31 FINO-1

In connection with planned offshore wind farmseaearch platform is set up in the North
Sea to determine the possible effects of futurehoife wind turbines on the marine flora and
fauna. Germanischer Lloyd (GL) has been entrustéth woordinating the construction,
erection, commissioning and operation of the ptatfoThe research platform is funded by the
Federal Ministry for the Environment, Nature Consgion and Nuclear Safety (BMU), here
represented by the Jilich Research Centre (Pigjanagement Organization Jilich, PTJ). The
location of the research platform is about 45 kiétres north of the island of Borkum, with a
water depth of about 30 metres (Borkum Riff, cooatles N 54° 0.86' E 6° 35.26', see Figure
3.1).

Figure 3.2: FINO-1 with indication of vanes and anemometef§.[2

The level of the measurement mast is about 100werSeup-anemometers are installed
between levels of 30m and 100m on booms mountexbitheast direction of the mast (see
Figure 3.2). A cup-anemometer is mounted at theofdpe mast at about 103m from the m.s.I.

Three ultrasonic anemometers are present at 40, aff, 80m elevations. Additional
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meteorological measurements consistMd, T, RH, P and solar irradiation. The oceanographic

measurements include wave height, water currenphgsical properties of seawater.

Wind Profile and Stability
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Figure 3.3: Wake effects of the structure in the researchhoffs platform FINO-1. The wind profile is subjected
the structure wake for the wind directions 0°, 868 330°N.

The data of the period 2004-2006 (except Janua®d)?@re used for the analyses. The
data of wind speed at 33, 50 and 90m elevationsisgd for the calculation; the wind direction
(WD) is taken at 90m elevation, the temperature afadive humidity are taken at 30 and 50m;
the sea temperature is taken at -3m and it is as$um be the sea surface temperature (see
Figure 2.1). The cup-anemometers (model A100LM actgr Instruments, [21]) have a
measurement error &f 1% between 10.3 and 56.6 m/s wind speedstabd m/s below 10.3
m/s. The wind vane (model 4.3120.22.012 of AdolfiesshGmbH&Co.KG, [22]) has an
accuracy oft 2°, with a resolution of 1°. The air temperatune aelative humidity are measured
in a combined instrument (model 1.1005.50.512 oblAdhies GmbH&Co.KG, [22]) with the
accuracy oft 0.1° K for temperature antl 3% of relative humidity. The sea temperature is
measured by means of Pt 100 instrument (model 2.02800 of Adolf Thies GmbH&Co0.KG,
[22]) with an accuracy 0.1° K.

These measurements are provided by the online ata20]. All platform data can be
downloaded from the website selecting sensor andgef interest. They are available as text
files (.dat format). The available measurementshatb validated and raw data. The validation
is carried on by BSH (Bundesamt flir Seeschifffalnntd Hydrographie) and consists of
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substituting erroneous measurement values witld forges, like -999 or 99.99. In this work, the
validated date are used. However, these data costdi erroneous values especially with
extremely high or low values of the measuremernite data with exactly the same wind speed
at three different levels (33, 50 and 90m) are wketl because this indicates an error in
measurement acquisition. The timeseries is notiraaous, i.e. in the raw data many gaps can
be found for which no values are present as wefilaas the BSH validation process. Hence the
data have been selected excluding those fixed sathe extremely high or lower values and
creating a continuous timeseries. Moreover sessasor outputs are stored in the database at
different reference UTC time. Few minutes of delegre encountered between different time
references. This complicates the use of the meamunts. The data are thus arranged in a new
timeseries in which all sensors have the same T0WTIC reference time. This means that
every hour six measurements are taken at minutesspmnding to 00, 10, 20, 30, 40 and 50.
For example, one value with original reference tif8@06-12-30 06:11:32” (year month day
hour minutes seconds) is converted to “2006-12-80L@M00”. In this way a consistent
timeseries is constructed, which is easy to usehferanalyses. Th&/D stored in the database
has an offset of 45° because the wind vanes agaedli with the booms and not with the
geographic North (see Figure 3.2). HenceWi2 is corrected to indicate the geographic North.
The data are not filtered for rapid change of valakthough these values are excluded when the

stationary filter is applied in the analyses (sbajer 4).

The data are also filtered for mast and platfomacstire shedding and the measurements
within the sector 45°N - 270°N are used for thislgsis. As it can be seen in Figure 3.3, the
wind shear follows an expected path for the dicecti80°N while for the directions around
North the structure modifies the airflow considéyadind hence they have been excluded. The
presence of the helipad influences the measurenbettgeen 0°N and 30°N, while the mast
affects the measurements directly D of 330°N. Although upwind the flow distortion
produced by the mast can be considered lineaefteets of this error are not linear. However,
these non-linear effects are small and, for thegareanalysis, they can be considered irrelevant.
Thus, the effects of the mast upwind are small &y are considered equal for all levels
except for the cup-anemometer at 103m that, indsetht used. The number of a 10-min mean
value samples used for the analyses is about 4(®@Tuding platform shadow, only wind
speeds in the range 4-25 m/s at 90m elevation alydvalidated data) that correspond to 25%

of availability in 3 years.
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3.2 Egmond aan Zee

The second site considered is located at the Bitgéth wind farm in front of the town
Egmond aan Zee (see Figure 3.4). The met masbigrsin Figure 3.5 and it is located in WGS
84 coordinates at 52° 36’ 22.9” N and 4° 23’ 22Fat about 18 km from the coast. In Figure
3.5 the location of the meteorological mast is ghdhe black cross surrounded by the red
circle) with respect to the wind park. The pictsteows that it is actually located close (about

300m) to the wind turbines and also that the winihes change the free stream wind speed.

The mast has a triangular lattice structure as showFigure 3.6 and all the sensors
(anemometers, vanes, thermometers, humidity) aiadd at three different elevations: 21, 70
and 116m. The sea temperature sensor is locat@8ratunder the m.s.l. (see Figure 2.1). This
measurement will be used in the modelS83 At each elevation the anemometers are located
at the three corners (refer to Figure 3.6); in thigg/ it is possible to extract the free stream
according towD reducing mast effects. The procedure to obtainbi& wind direction is
explained in details in [33]. The cup-anemometensdel 018 of Mierij Meteo, [24]) have an
error of less than 0.5 m/s in the range 0.5 andn®&) The wind vane (model 524 of Mierij
Meteo, [24]) has an accuracy of about 0.7°, witlesolution of 1.4°. The air temperature and
relative humidity are measured in a combined imsent (model HMP233 of VAISALA[25])
with the accuracy oft 0.1° K for temperature and¢ 2% of relative humidity. The sea
temperature is measured by means of Pt 100 instiu(meodel ST808 of Mierij Meteo, [24])

with an accuracy 0.1° K.

The measurements are available online through #iabdse of the website [32]. All
meteorological and sea data can be downloaded thensite selecting the month of interest.
They are available as spreadsheets files (.xIsdtriihe available measurements are validated
data. The validation is carried on by NoordzeeWBf] and consists of substituting erroneous
measurement values with fixed ones, i.e. -9999@sg&ldata (as already explained for FINO-1)
are excluded form the analysis. The data with éxabe same wind speed at three different
levels (21, 70 and 116m) are excluded becauseslio®s an error in data acquisition. The data

are not filtered for rapid change of values butfdiered eventually with the stationary filter.
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Figure 3.5: Picture of Egmond aan Zee met mast.
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Figure 3.6: Sketch of the triangular lattice structure andnameter locations in Egmond aan Zee [23].

The met mast was built in 2005 few months befoeedtection of the wind park. For that
period allWD are undisturbed conditions. However, it is notye@sextract this information
because the time of installation is not unique #redwind turbines within the park are not
installed at the same time. All the available dsse been filtered to avoid the measurements
coming from the wind park and the only sector coestd is 135° - 315° N. The period analysed
here is from 01/07/2005 to 31/08/2008. Hence, thmlrer of 10 minutes samples is about
62803 (excluding wind turbine wakes and only vakdedata), i.e. about 37% of the data.
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3.3 Deutscher Wetterdienst
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Figure 3.7: DWD data points at FINO-1 location, Google E&ritmage.

Figure 3.7 shows the points nearby the researdfiopta FINO-1 obtained thanks to
German meteorological data centre DWD. The poibellad DWD-Ld3 is selected for this
analysis because almost at the location of intefdst data come from the analysis-assimilation
mode of COSMO-EU run in the supercomputer of DWBe Tata are stored every hour using
the assimilation mode explained in section 2.4. Ta@ from the first guess are continuously
corrected by nudging and the corrected values tareds in binary code (GRIB format). Any
GRIB point corresponds to four grid points (therfaarners of any cell) and, in this way, the
closest point to FINO-1 has been selected. The ¢ouners of the GRIB file obtained from

DWD have got the coordinates shown in Table 3.1

For the analysis the following parameters, corradpay to the period 2005-2006 (i.e.
17023 1-hour samples available), have been seléctiedmany others contained into the GRIB

file:

e Patm.s.l.
e SST

e Tand dew temperature at 2m above m.s.l.
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* T,UandV at model layer levels of 10, 34.4, 68.8, 116.6 &n8.8m.

* U andV of wind speed at reconstructed 10m height.

The conversion of the parameters from GRIB formatlat format is provided by DWD
itself. The data are already validated and the evids -999.00 values are excluded from the
analyses. The model has a fixed system of referanddJ is the horizontal wind velocity
component in the West-East direction and it isfpasiwhen the wind blows from West to East.
V is the horizontal component in South-North direetand is positive when the wind blows
from South to North. Hence, andWD are derived from these two wind velocity composent
The difference between model layer level and tleenstructed height is almost null over the
oceans but it is consistent onshore because thk isamot flat. In other words, the model

reconstructs the wind speed at 10m knowing therapdty of the specific place.

Latitude Longitude
DWD-Lul 54.07¢ N 6.58°° E
DWD-Ru?2 54.07¢ N 6.64¢€ E
DWD-Ld3 54.017 N 6.58° E
DWD-Rd4 54,017 N 6.64¢ E

Table 3.1: DWD grid point coordinates.
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Chapter 4

RESULTS

In this chapter the results from measurements a@dthkory are presented using the five
models described in Chapter 2. The results aretegh@er method and for the two sites. Since
the theory is valid only for stationary conditioasd within the surface boundary layer height,
in which u- is assumed constant, filters have been applietheaosamples. The results are
presented with these filters and the differenceshaghlighted. The effects of the two filters are

shown only foRiy, Method.

The stationary filter excludes the values measwieeh the mean conditions of air and sea
are changing rapidly so that it is not possibledosider the airflow stationary. Thus, according
to [26], every sample must have, with respect to previous measurements and a successive

one, the following characteristics:
* uvariation of less than 20%
* Tvariation less than 0.5° C
* SSTvariation less than 0.2° C

WD changes less than 15°

The surface boundary layer height filter (in thepirs identified as “surface layer”) is
taken from the assumption that the PBL heigh$ proportional tas (with the constanki =
0.25 and the Corioli parametir see (4.1)) and the surface laggis 10% of its height (thus
with ni = 0.1 see equation (4.2)) [26].

z =ki d;— (4.1)
z,=nilz (4.2)
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Nevertheless, this formulation is valid only forananeutral conditions and this filter
removes most of the very stable and very unstatieliions.z has to be higher than 90m in
FINO-1 and 116m in Egmond aan Zee.

Since this work is aimed for offshore wind energplacations a wind speed filter is
applied which selects speeds in the range 4 — 25aimthe hub height (i.e. cut-in and cut-out
wind turbine wind speeds). This wind speed rang@igeneral, the operational interval of an
offshore wind turbine. For Egmond aan Zee the @hoicthe hub height was fixed because the
wind turbines, in the near offshore wind park, hd@@n hub height, while for FINO-1 it has
been chosen 90m hub height.

4.1 Richardson Bulk Method

The results applying MO with the definition bfusingRip,x Method are shown in Figure
4.1. The graphs are organized in the same ordealifdhe methods, on the top of the figures
there are the ones with wind speed profile (exgess speed ratio at two elevations), in the
middle the ratio of measured and predicted winde8p@meadUpred) and in the bottom the
statistics of the atmospheric stratifications. Tnaphs are represented as a function of the non-
dimensional parametet@/L) in bins of 0.025. The average of the indicatedieas plotted per
bin.

In the top of Figure 4.1, the ratios of the winegap between 90m and 33m for FINO-1
and 116m and 21m for Egmond aan Zee are preserttednean value of the measurements is
plotted as indication of the average wind sheartarh stability bin. Associated with the mean
value, the standard deviation STD of the wind sheaplotted as error bars indicating the
variation per each stability condition. It is vargportant to know the wind speed profile for
wind assessment both for aerodynamic loads andygngeld. A key-parameter for energy
yield is the wind speed at hub height whereasritlisvant for load calculations (e.g. fatigue) the
difference in wind speed, encountered by the mugabiade in the top and bottom positions. The
model follows the measurements with a small offeetboth datasets. This offset appears
evident more in Egmond aan Zee than FINO-1. Ther§lselect the data around the near-

neutral conditions, excluding very stable and uristaonditions.
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Figure 4.1: Richardson Bulk Method results for FINO-1 (left ghg) and Egmond aan Zee (right graphs). Wind

speed ratio at 2 levels (top graphs), measuregeedicted wind speed ratio at 90m in FINO-1 andmi 16 Egmond

aan Zee (middle graphs) and frequency of stratiicaoccurrence (bottom graphgjhe error bars represent the

standard deviation of the data. The results arerteg using stationary and surface layer filters.
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In these graphs the scatter is relevant. This m#aats according tdRin Method, the
wind shear (i.e. the wind speed ratio) is not camisper stability bin. For example, for the bin
0.05 of10/L the ratio can be either 1.3 or 1.4 in Egmond a@& Bo other factors influence the
wind shear and/or the atmospheric stratification nist well defined by this method.
Unfortunately, inRi,, Method, the surface boundary layer filter andgtagionary filter appear
to be too restricting, in the sense that they alela lot of samples for which the surface layer is

estimated to be lower than the level of the highestmometer and the airflow is not stationary.

In the site of FINO-1 the number of samples reducekd% of the available data, while in
Egmond aan Zee, it reduces to 5.4%. Hence, the aeupfldata points (especially for Egmond
aan Zee) is limited to make a good estimation efwind speed profile. From the top graphs,
the logarithmic equation (witly = 0.0002) and the power law equation (with expoenD.14)
are far to fit the data. The power law always ostneates the wind shear. The log-law
underestimates the wind shear in stable condidmsoverestimates it in unstable ones. These
considerations are quite obvious since both lawsaldave stability information, but they give
a general idea about the difficulties of “tradibhrelations to describe the airflow in different

atmospheric stratifications.

The middle graphs show the ratio of measured aedigied wind speedugeadUpred at
90m elevation for FINO-1 and 116m for Egmond aae.ZEhe graphs show the capability of
the model to predict the wind speed at higher ¢iena knowing the wind speed below. When
the values are in the neighbourhood of 1 it mehasthe theory works well and the assessment
of the wind speed profile is well defined. When tadue is less than 1 the model overestimates
the wind speed and when the value is larger, théemenderestimates the measurements. The

model is better defined for FINO-1 than Egmond Zae, both for mean value and scatter.

The theory overestimates the measurements aboufo2%INO-1, considering only
unstable and very unstable conditions. The ovenasiibn decreases for near-neutral conditions
in which the error reaches values of about zere &hor becomes underestimation in very

stable conditions1Q/L larger than 0.05) where it reaches about 2%.

For Egmond aan Zee, thd,,« Method shows an underestimation that increase®an-
neutral and stable conditions but it always is Wweld6. The scatter is always wider than the one
found in FINO-1 and it suggests that the model o capturing all the components that

influence the wind speed profile, although the ageris not bad.
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Figure 4.2: Richardson Gradient Method results for FINO-1t(tgfaphs) and Egmond aan Zee (right graphs). Wind
speed ratio at 2 levels (top graphs), measuregeedicted wind speed ratio at 90m in FINO-1 andm. 1% Egmond
aan Zee (middle graphs) and frequency of stratifinaoccurrence (bottom graphdjhe error bars represent the
standard deviation of the data. The results arertep using stationary and surface layer filters.
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In the bottom graphs of Figure 4.1 the frequencygaafurrence of stability stratifications is
reported as function of predicted wind speed at 80ch 70m for FINO-1 and Egmond aan Zee
respectively. The importance of these graphs idyeasderstood in the fatigue calculation of
wind turbines. It is important, for load estimatsprio know how many times the wind turbine
will encounter any particular wind speed profilieice the loads change with respect to different
wind shear. In particular for fatigue calculatiohis relevant to investigate the number of times
(cycles) the wind turbine would experience the digewind profiles because each of them
corresponds to different load amplitudes. Thesplhware directly related ineadUprea bECaUSE
they are reliable only if the method proposed mtsdihe data sufficiently well. It can be
noticed that the two sites seem to match in terfnstability classification. FINO-1 has less
stable and more near-neutral conditions, probaibdytd the larger distances from the coast. The
surface boundary layer filter filters more wind sgde in Egmond aan Zee than FINO-1 probably
due to the fact that the reference level is 116milie filter although the plot refers to 70m
predicted wind speed. On the contrary the surfacmtbary layer filter in FINO-1 has the same

level of the plotted results.

4.2 Richardson Gradient Method

The results of th®igagient Method are shown in Figure 4.2. In this methodwiired speed
difference between 33m and 50m in FINO-1 and 21ch7Z0m in Egmond aan Zee are used to
estimate the wind speed at 90m and 116m respectiVith this method, the number of
samples increases with respectRig,x Method. The graphs show that the data used in this
model are 49.7% and 8.5% of the available dat&RIO-1 and Egmond aan Zee respectively.
The surface boundary layer filter is sensitivehte difference in elevation of the two wind speed
measurements. For Egmond aan Zee, where this dlifferis large, the filter reduces the
number of samples considerably compared to FINDRis was not the case f&i,,« Method,
where the two sites had similar behaviours. Moredive filters for theRigragient Method do not

exclude the very unstable conditions.
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Figure 4.3: Sea Temperature Profile Method results for FINQeft @raphs) and Egmond aan Zee (right graphs).
Wind speed ratio at 2 levels (top graphs), measaretipredicted wind speed ratio at 90m in FINO-d &hém in
Egmond aan Zee (middle graphs) and frequency afifstation occurrence (bottom graph$he error bars represent
the standard deviation of the data. The resultsegerted using stationary and surface layer §lter
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The top graphs in Figure 4.2 show the comparisowiafl shear by applying MO and
measurements. The graphs seem to follow the samnd for both FINO-1 and Egmond aan
Zee. The discrepancy is large in both datasetskgiutly higher for Egmond aan Zee. Contrary
to Ri,ux Method, the model clearly underestimates the wahgtar. The scatter of the
measurements is relevant (around 10% of STD) amsiderably higher than in thRiyuy
Method. This means that the definition of stabiliing theRigragien: Method is worse than with
Ri,ux Method. In the graphs the logarithmic equationtljvz, = 0.0002) and the power law
equation (witha = 0.14) are plotted as well. Again, the power lawar to fit the data in both

datasets and the logarithmic law equation has gstithation only for very unstable conditions.

The graphs in the middle of Figure 4.2 sh@a.{uyes at 90m and 116m respectively for
FINO-1 and Egmond aan Zee. The model predicts ithd gpeed analogously for Egmond aan
Zee and FINO-1. The difference between the twovidemt in the number of samples that
influences the solidity trend of the curve; henoe Hgmond aan Zee the curve appears
oscillating. Considering only very unstable coralis, the theory underestimates the
measurements of about 4% in FINO-1. The underestmancreases in near-neutral and stable
conditions, where it is possible to find a maximahabout 15%. In stable conditions the error
decreases and, in very stable conditions theralarest no points and it is difficult to draw a
conclusion. The scatter remains always high arghtdji increases in stable conditions. For
Egmond aan Zee the situation is similar to FIN@h#, trend is more or less the same. Here the
maximum error is about 20%, for very unstable cbows it is around 3% and unstable around
10%. The scatter also increases especially in meatral conditions. In stable and very stable
conditions, the error follows a similar trend thBINO-1, but again the number of samples

influences the results.

The frequency of occurrence of stratificationsdparted as a function of predicted wind
speed. The two sites differ in terms of stabilitgssification. FINO-1 has greater number of
unstable conditions, with practically no stable ditions, while Egmond aan Zee shows higher
stable stratifications for large wind speeds. Ttadibty classification is slightly different from
the Riy,x Method but here stable and near-neutral conditinasease with high wind speeds.

This behaviour is evident in thei,,« Method too, but the low wind speeds are not ptesen
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Figure 4.4: Temperature Difference Profile Method results FoNO-1 (left graphs) and Egmond aan Zee (right
graphs). Wind speed ratio at 2 levels (top grapmggasured and predicted wind speed ratio at 90RIND-1 and
116m in Egmond aan Zee (middle graphs) and frequehstratification occurrence (bottom graphBEje error bars
represent the standard deviation of the data. @balts are reported using stationary and surfaee féters.
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4.3 Sea Temperature Profile Method

The first results of the profile methods are frdm, Profile Method and are shown in
Figure 4.3. The measurements useduaeandRH at 33m andl, at - 3m (that is assumed to
be theSSY for the dataset of FINO-1. The same measurenaetsaken for Egmond aan Zee
but at different levels, 21m and -3.8m respectivélye results are similar ®i,,x Method and
this behaviour is reasonable (according to [14Dabse when the profile method uses all the
measurements of T andRH at the same level with accurate substitution Rlpg: relations can
be derivedTge, Profile Method agrees with thi,,x Method better in FINO-1 than Egmond aan
Zee. Indeed, for Egmond aan Zee, a lager offsetbeanbserved between the model and the
data. The scatter resembles fig, Method and the considerations made are the same he
The number of samples resembles alsoRbg Method and indeed for FINO-1 it is 17.7% of

the available data and for Egmond aan Zee 4.8%.

For the middle graphs, the consideration made pusly for theRi,,x Method are valid
for FINO-1, while of Egmond aan Zee the model shewslightly higher underestimation in

stable conditions.

The statistics of atmospheric stratifications sheogimilar behaviour with respect Ripyi
Method, but here for both sites a higher conceotratan be noticed of near-neutral

stratifications.

4.4 Temperature Difference Profile Method

The following results are from thE;z Profile Method and are shown in Figure 4.4. The
measurements used in this methodwaat one level and and the respectivieH at two levels.
u is taken at 33m and at 33m and 50m above the m.s.l. for the datasetd®-1. At Egmond
aan Zeal is taken at 21m an@ andRH at 21m and 70m. The number of samples is sinvlar t
Rigragient Method and indeed for FINO-1 it is 32.7% of thaitable data and 4.2% for Egmond
aan Zee. As observed f®igagient Method the higher distance of the anemometersgimdad

aan Zee produces a stricter surface boundary ftyer
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Figure 4.5: Wind Speed and Temperature Difference Profile Mettesults for FINO-1 (left graphs) and Egmond

aan Zee (right graphs). Wind speed ratio at 2 $e(telp graphs), measured and predicted wind spdat 90m in
FINO-1 and 116m in Egmond aan Zee (middle graphd)feequency of stratification occurrence (bottoraghs).
The error bars represent the standard deviatidheoflata. The results are reported using staticevadysurface layer

filters.
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The graphs of Figure 4.4 show the wind shear froeasurements and theory. In this
method, the model fits better the measurementsonfipared toRiy.gien: Method, but worse
compared tdls, Profile Method oRi, i« Method. WithTy Profile Method the logarithmic law
defines accurately the wind shear in the two dibes/ery unstable, unstable and near neutral
conditions. In stable conditions, however, the nhaldes not predict the wind shear well. The
power law is not very accurate and always overegmthe wind shear. The ratiQeadUpred IS
more or less constant for all stratifications ilNBr1 and equals to 5% of the underestimated
values.UneadUpred OSCillates around 5% for Egmond aan Zee and dsesesuddenly for near-
neutral conditions to almost zero and in stablesaraches more than 5 % of the overestimated
values. The scattering is relevant for both sitebgreater thafs., Profile Method.

The graphs of the atmospheric stratifications stiwat the two sites are different from an
atmospheric stratification distribution point oew. More than 70% of the stratifications are in
the very unstable region for FINO-1 while for Egrdagan Zee the largest part is in the stable
conditions. Surprisingly, such difference betweba two sites is not present in any of the
previous methods and also almost the absence afetlreneutral class is sign that the model is

not working correctly

4.5 Wind Speed and Temperature Difference Profile Method

The results fromUyiTgir Profile Method are shown in Figure 4.5. The winuked
difference between two levels and the air tempeeatiifference between other two levels (that
in general can be different) are used. The measmentonsidered ate T andRH at 33m and
50m for FINO-1. For Egmond aan Zee these level2ane and 70m. The number of samples is
23.7% and 5.1% of the available data respectiv@yfNO-1 and Egmond aan Zee. The results
show a similar trend to the one of tR&.qen: Method, only in Egmond aan Zee the profile

method cuts off the very unstable conditions.
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Figure 4.6: Wind speed ratio at 2 levels without filters (tgmaphs), with stationary filter (middle graphsdamith

both stationary and surface layer filters (bottarmpdps) using the Richardson Bulk Method. The elbeos represent

the standard deviation of the data. On the lef #ig data from FINO-1 and on the right side Egrmeeml Zee.

3
TUDelft

Dalft University of Technology

Monin-Obukhov Similarity Theory Applied to Offsha¥énd Data

Andrea Venora




70 RESULTS

The top graphs in Figure 4.5 show the wind she#o setween 33m and 90m in FINO-1
and 21m and 116m in Egmond aan Zee. The modethésdata in the same way both in
Egmond aan Zee and FINO-1. There is in both graphsffset between the model and the bin
average data. The model estimates always a lowet ghear than the measurements except in
very stable conditions where the offset betweenehadd measurements decreases. However
in very stable conditions the number of sampleadsially small to draw conclusions. The
scattering is considerably high in both sites, eslg in stable and very stable conditions. The
wind speed estimated with this model is really pespecially for Egmond aan Zee, where in
near-neutral conditions the error reaches 20%efitiderestimated values. For FINO-1 there is
a constant underestimation offset that increasgbtisl in neutral conditions and decreases for

stable ones.

The two sites appear completely different fromtstcation distribution point of view, as
already noticeable in th&yx Profile Method. Egmond aan Zee almost misses vestable
conditions while in FINO-1 they are the majorityoMover, stable and very stable conditions
are less than 10% in FINO-1 for almost all windegjge In Egmond aan Zee stable and very

stable conditions are present only for high winees}s.

4.6 Stationarity and Surface Layer Height

The models presented show different behavioursedipting the wind speed profile. This

is due to the different assumptions and manneestimatel.. The best model iRi,,x Method

for both FINO-1 and Egmond aan Zee. This model sh@sults similar tdse, Profile Method

becauseRiyx Method is a simplification of this model and aedir measure of the atmospheric
stability [14]. The model shows errors in estimgtithe wind speed and the scatter is not
negligible in both sites. Even the average is motect, especially for Egmond aan Zee where
the model reports a general underestimation ofwim shear. In stable and very stable
conditions both sites show underestimation as @yreaported in [8]. Indeed stable conditions
are, for all the models, the critical ones. HerRRig,x Method is selected as reference model to

estimatel. and it is used for the further analyses.
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Figure 4.7: Measured and predicted wind speed ratio at 90RNO-1 and 116m in Egmond aan Zee without filters
(top graphs), with stationary filter (middle graplasd with both stationary and surface layer fit@yottom graphs)
using the Richardson Bulk Method. The error bapsegent the standard deviation of the data. Orefheside the
data from FINO-1 and on the right side Egmond aes Z
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The MO Similarity Theory is founded on the assuimmi of stationary and constamt
within the layer of interest, i.e. the highest lewé the considered anemometer. For these
reasons two filters are applied to the measurembntiis part of the work the effects of these
assumptions on the results are showrRiigyix Method in Figure 4.6, Figure 4.7 and Figure 4.8.
The graphs on the top of each figure illustratertmilts with non-filtered data, the graphs in
the middle with only the stationary filter and @y@phs in the bottom with both filters.

The first observation that can be made is the lieducumber of samples by applying the
different filters. However, even when no filterseaapplied, theRi,, Method reduces the
number of available data (because the model isvalid for Ri, larger than 0.2, see theory in
section 2.1). Hence the numbers of available data %% and 99.7% of the original
measurements respectively for FINO-1 and Egmond Ze®, when no filter is applied.
However, this reduction is not relevant. Insteaemthe stationary filter is applied, the number
of 10-min samples shrinks by 22.7% of the availatd&a for FINO-1, while for Egmond aan
Zee it drops only by 16.8%. When the surface bogndyer is applied to the stationary
condition measurements, it shrinks the samplesi8y @nd 93.5% for FINO-1 and Egmond aan

Zee respectively.

Figure 4.6 shows the trend of the wind shear waspect to the stability. The model
follows the mean value of the data with an offsetfoth sites and almost no difference can be
noticed between non-filtered and stationary coaddi Only in the unstable part a reduction in
the scatter can be noticed in FINO-1 and a sligituction in Egmond aan Zee for all
stratifications. The situation changes in the buottgraphs where the offset decreases, if
compared to the same range of stabili0/) in the previous graphs. Here a small
underestimation offset remains in Egmond aan Zeeviln FINO-1 a perfect match exists in
near-neutral conditions, an underestimation inlstabnditions and an overestimation in the

unstable part.

Figure 4.7 shows the effect of the filters in thedvspeed prediction at 90m and 116m.
The first observation that can be made is the sxje reduction of the scatter (the STD)
when the filters are applied. This was expectedesthe model is based on certain assumptions
that are fulfilled via the filters. Nevertheledsetscatter is still relevant and this means thagrot
factors influence the offshore wind shear. The agerremains slightly the same when the
stationarity is applied but it changes when théasar boundary layer filter is considered. With
only the stationary filter the behaviour of the rabd different in predicting the wind speed

profile.
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Figure 4.8: Frequency of occurrence of atmospheric stratificat without filters (top graphs), with stationdityer
(middle graphs) and with both stationary and swflager filters (bottom graphs) using the RichandBalk Method.
The error bars represent the standard deviatitheofiata. On the left side the data from FINO-1 @mthe right side

Egmond aan Zee.
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A general overestimation can be noticed for alétfftcations for FINO-1, while there is a

considerable increase in underestimation for neatral and stable conditions in Egmond aan
Zee. With the two filters, the prediction is bettert the number of samples indicates that this
prediction is valid for a small amount of time.dther words, it is not really possible to estimate

the wind profile for all conditions using MO.

Figure 4.8shows the frequency of occurrence of atmospheratifstations when the
different filters are applied with respect to theedgicted wind speed at 90m and 70m. The
presence of the stationary filter does not alterftequency of occurrence. The graphs, both for
FINO-1 and Egmond aan Zee, appear to be similais Tineans that statistically, any
atmospheric stratification (very stable, very ubhkaetc.) for any wind speed bin has the same
amount of non-stationary conditions. When the sigrfayer is applied, the graphs change. The
low wind speeds are deleted but for high wind speide percentage of the stratifications
remains more or less the same. The surface lalyer éliminates thus the low wind speeds
whereu- cannot be considered constant, maintaining thes ssmples for high wind speeds.
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Chapter 5

SENSITIVITY OF THE INPUT
PARAMETERS

In this chapter, the effects of the input paranseterRi,, Method are investigated. To
this aim the chapter is divided in few parts. Th® kheory is based on many assumptions and
different parameters are necessary to estimateititeprofile. In literature, different definitions
are given for variables lik&, SST RH, Charnock’s coefficient, PBL height and surface

boundary layer height. Further the effects of distafrom the coast and referencare treated.

5.1 Effect of Temperature

Temperature is a key-factor in the definitionLofalthough often it is not clear which kind
of temperature is required (or better saying sigjatio define Ri,.. In this paragraph
combinations of temperatures are proposed as ifguRi,,x Method and their effects are
reported as function afineadUpreq fOr the aforementioned offshore databases. Asaemed in
theory,Ri, (see equation (2.18)) needs the temperature dbwer boundary condition, i.e. the
air temperature at the interface between seawatkai (in this work calle@.ses S€€FigUre
2.1), andT at one level. Th@4.sea Used in the model can be either Thg or Tvse, For the air
temperature four conditions can be assuried;, 6 andé,.
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Figure 5.1 Air temperature definition influence on predictethd speed at 90m in FINO-1 and 116m in Egmond
aan Zee using Richardson Bulk Method. The resulissaown in terms of average measured and prediziedi
speed ratio (top graphs) and its standard devidtiotiom graphs) for 4 temperatures (absolutértual T,, potential

6 and virtual potentiald). The virtual sea surface temperatiirg.,is used as reference. Both the stationary and the
surface layer filters have been applied. On thesiele the data from FINO-1 and on the right sidennd aan Zee.

Figure 5.1 and Figure 5.2 show the effects of teatpee in terms of bin averaged
UmeadUpreq @Nd the standard deviation@feadUpreq. IN Figure 5.1 the results are plotted usTivg.,
(that was utilised so far for all the analyses) #relfour air temperatures, while in Figure 5.2
the two sea surface temperature are compared ugings reference air temperature.
Considerable changes in the ratig..{Uyeq Can be noticed in Figure 5.1 when different air
temperatures are considered and especially whewirtival condition is applied (i.e. when the
RH is considered). The effects of the pressure areevident from the results, inde@dandé
follow the same trend. When theH is applied,u,q is higher than withl and§ and hence
UmeadUpred IS ClOser to 1. The STD as well expresses this@hanu,.q in particular for FINO-1,
where in near-neutral and stable conditions the $adces of about 1%. Instead in Egmond

aan Zee the STD does not change considerably.
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From Figure 5.1 it can be concluded thais the best choice as air temperature folRbe
Method. Thus, using, as reference, in Figure 5.2 the comparison betWggrand TV, iS
presented. The effect of changifigys., iS evident especially for near-neutral and stable
stratifications. For both databases the uskgfncreases (on averagay).qand hence the model
overestimates the wind sheax,{{UyqleSs than 1). This behaviour was expected sinaggusi
Teea instead ofTve, Means reducing the value Tf;.sea in all stratifications. However, in near-
neutral and stable conditions, this smallgrs., Value creates a smaller temperature difference
and hence the airflow is considered less stablés Trteans that with a smaller temperature
difference the model predicts (on average) a smailed shear and this is evident in the graphs
around the near-neutral stratification (-0.03.6/L < 0.05). The STD does not give particular

information usingl Veea OF Teea
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Figure 5.2 Virtual (Tvsed and absoluteT.) sea surface temperature influence on predicted wpeed at 90m in
FINO-1 and 116m in Egmond aan Zee using Richar@dk Method. The results are shown in terms of ager
measured and predicted wind speed ratio (top gyaphd its standard deviation (bottom graphs) witHusl
potential 8, as air temperature reference. Both the statioaadythe surface layer filters have been appliedthen
left side the data from FINO-1 and on the rightsithmond aan Zee.
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The number of samples is influenced by the chofdhe temperature too. In the legend
of Figure 5.1 the number of samples is indicatembatingly to the air temperature. This means
that the temperature choice influences also thimitieh of the atmospheric boundary layer and,
as consequence, the surface boundary layer henghhence the effectiveness of the surface
layer filter. The largest number of samples (baih FINO-1 and Egmond aan Zee) is found
using T, while the smallest is witld,. This behaviour can be explained considering hiogv t
surface boundary layer filter is defined.is directly proportional tai, which is calculated
rearranging (2.9), i.e. equation (2.25) explainedection 2.3.1, in order to getas a function
of u. From this equation, it can be noticed thiatis inversely proportional to the stability
function &, which, in this case, is linked tRi,. The Ri, is directly proportional to the
temperature difference between sea and air, biggerdifference larger th&i,. In stable
conditions, wherRi, is large,u- is small (assuming of course sameand vice versa wheRi, is
smallu- is large. Hence using (when the air is warmer than the sea) the temperalifference
is lower andz is higher, thus the number of samples is largare Versa using, the difference
is higher andz is low, consequently the number of samples deeseds unstable conditions
is on average smaller (see also Figure 5.10 inse&.3) and so the effect d#, in the
denominator of equation (2.25) is not relevant ébedmine whether the filter applies or not.
Analogously (referring to Figure 5.2), the samplsmgTv.e, are larger than witfi.e, Since in
stable conditions the difference is smaller becadliseralue 0fT4.s.a bECOMES higher wheRH
is taken into account. From the results of Figufeahd Figure 5.2 and for sake of consistency

the chosen combination of temperatures, for tHevidhg analyses, i$vse, andé,.

5.2 Effect of Surface Layer Height

The surface boundary layer is the most severe bt¢he two, since it reduces drastically
the number of measurements in both databases.ilfdrad related to the definition of tHeBL
height and ta height. As suggested in literature (see for exanipb]), the coefficient (called
in this work for simplicityki) that relates th®BL height to theu- in relation (4.1) is equal to
0.25 and the coefficient (called hemg that definesz is 0.1. Since these coefficients are not

accurate, the wind speed profile estimation isyeeal using differerki andni.
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Figure 5.3 Atmospheric boundary layer (PBL) height influerepredicted wind speed at 90m in FINO-1 and 116m
in Egmond aan Zee using Richardson Bulk Method. rEselts are shown in terms of average ratio ofswmesl and
predicted wind speed (top graphs) and standardatieni(bottom graphs) for 4 values laf The virtual sea surface
temperaturd v, is used as reference. On the left side the data FINO-1 and on the right side Egmond aan Zee.

Figure 5.3 shows the effects of changkngvith constanni for the two offshore sites. The
values range from 0.15 to 0.30. The two sites stifi@rent behaviour. In FINO-1 the average
maintains the same trend with changkigwhile STD increases considerably in very stable
conditions (as well the mean error), especially whéiigher value dfi is used. The behaviour
is different for Egmond aan Zee and the average @icreases accordingly kb. The same can
be said for the STD, but here it is less evideahtin FINO-1. The number of samples increases
with increaseki and this is obvious since for the same conditidns ¢he PBL is larger; hence
Z height is higher than the considered anemometeatbm. What is relevant is that the rate of
increasing number of samples is actually diffetegtiveen the two sites. For Egmond aan Zee
the rate is extremely high while for FINO-1 is law&/henki decreases, the number of samples

decreases, but the results improve only in the nagad speed prediction for Egmond aan Zee.
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Both the sites maintain large STD whien= 0.20, which is similar to the original condition.
Whenki is 0.15 the number of sample reaches value of mefegmond aan Zee and 424 in

FINO-1, hence this value cannot be taken into agcou
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Figure 5.4: Surface layer height influence on predicted wipdesi at 90m in FINO-1 and 116m in Egmond aan Zee
using Richardson Bulk Method. The results are shawterms of average ratio of measured and prediiated
speed (top graphs) and standard deviation (bottawhg) for 4 values dfi. The virtual sea surface temperatilivg.,

is used as reference. On the left side the data FidNO-1 and on the right side Egmond aan Zee.

Figure 5.4 is similar to the previous picture andhows the effects of changimg with
constanki. The effects are similar to those seen in Figudeahd it is quite reasonable since it
is a matter of multiplying constants. What is ie&ing is that foni = 0.15 the number of
samples is considerably high (more than 30% foh Isiies) and the average of wind speed
estimation is actually reasonable for very staloleditions, but the standard deviation is out of
range. This fact underlines how the model lacksuamy and is ineffective when high stable
stratifications are considered. Indeed the meanSarid are reasonably good for very unstable,
unstable, near-neutral and stable conditions,druidry stable conditions a peak of 20% STD is
encountered for FINO-1 and 10% for Egmond aan Deereasings height, the mean value is
almost stable in FINO-1 and the standard deviasbghtly decreased; on the other hand
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Egmond aan Zee shows better mean wind speed estimnait not a considerably decrease in
STD. The decrease in number of samples is relesaaittoo few data points are available to
ensure reliable results.

As previously stated, the definition afis only valid in near-neutral conditions because i
is related directly to the height of PBL. Accordittg[5], PBL height is function df. For near-
neutral and stable conditions, it can be assumatlithis proportional to the surface fluxes.
When the airflow is unstable the determinationhaf height is complicated because it depends
on the history of the surface heat flux and onldpse rate above the boundary layer. Good
estimation of PBL height can be obtained, in unstable conditionsly onith direct
measurements. For meteorological applications, temsa(5.1) are suggested [5]. Equations

(5.2) are indicated for obtaining a smoother tridmsibetween stable and neutral conditions.

z =0.3{u. / f.),near- neutral
z =0.40u. / f,L)" stable (5.1)
zZ = 0.3[(LL / fc),unstable

[r+228u/f,L)]"

z/L= ,nhear— neutral
3.8
1/2
1+2.28Qu. / f_L
z/L= I [158 L)) ,stable (52)

z =0.30{u. / f,),unstable

The effects of using different equations RIBL are shown in Figure 5.5. The results are
shown for the two equations and for the originaliaipn used so far to defire height (see
equation (4.1)). (Note: in the graphs for simpjic#quations (5.1) are called van Wijk v.1 and
equations (5.2¥an Wijk v.2, since A.J.M. van Wijk is the first &t of [5]). The graphs show
that the two formulas of van Wijk are similar. Orihe number of samples decreases applying
equations (5.2). Anyway these new equations appeabe extremely severe for stable
conditions where in both databases no points agsept. In the other conditions the original
equations (4.1) seem to have better results althdlng number of samples is considerably

decreased (especially for Egmond aan Zee).
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Figure 5.5: Influence of different Planetary Boundary LayeB[} height definitions on predicted wind speed at
90m in FINO-1 and 116m in Egmond aan Zee using &it$on Bulk Method. The results are shown in teofns
average ratio of measured and predicted wind sgiepdyraphs) and standard deviation of this rdimitom graphs).
The results are reported for relations (5.1) (lelelan Wijk v.1), relations (5.2) (van Wijk v.2ha relation (4.1)
(Original). The assumption of surface layer equald0% of the PBL is taken for all cases. The wittsea surface
temperatur@vseqis used as reference. On the left side the data FINO-1 and on the right side Egmond aan Zee.

This analysis has shown how the effect of the ledla (if defined as proportional to the
friction velocity) is not the only problem in theind speed profile estimation, but the model
itself has difficulties in calculating the wind gk specifically in stable stratifications. Alse@th
different behaviour shown by the model in the tvifslwore sites emphasises the limitation of
the MO Similarity Theory. There are thus some patans that are not considered (or wrongly

treated) in the theory that play an important iolthe wind profile definition.
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5.3 Effectsof Distance to the Coast and Wind Speed

Ri,uk Method estimates the wind speed differently fdd®Gt1 and Egmond aan Zee (see
for instance Figure 4.7). This different behavicould be caused by dissimilar site conditions
between the two offshore datasets. In this sectiom,different climatology of FINO-1 and
Egmond aan Zee are investigated in details. Theghena, for which the model is weakly
able to estimate and simulate the flow conditior, @esented in this part and an explanation is
provided. In particular the relation between wingeed profile (and model wind speed
prediction), distance from the coast and referawvioel speed are analyzed. The reference wind
speed is the speed at the lower level used by thdehtio estimate the wind speed at higher
elevations. In this way the differences between résd airflow and the simulations can be
shown. The data are filtered with only stationaltef firstly and then with both filters. The use
of the surface layer filter decreases the numbesanfiples considerably, especially at lower
wind speeds the data are completely omitted (adeamoticed in Figure 5.14). When only the
stationary filter is applied, the assumption maslé¢hiatu. is constant within the level of the
highest anemometer for all the samples. Althoughighnot true, for research, it is interesting to
see the effects of the flow whemheight is not taken into account. The increasedber of
available samples helps to have a better statétibe flow regime for various conditions. On
the other hand, the use of surface boundary laler felps showing the effects nfheight on

the fetch analysis.

Figure 5.2 has shown that the use of diffefgft., changes the results considerably and
the use ofTvs, gives slightly better results. Hence the presemtysis is mainly conducted
using theTvs,, However some interesting results are comparel thi¢ ones in whicfge, is
used. In the figures the results of the two sitespaesented always with FINO-1 on the left and
Egmond aan Zee on the right. Four different fetcmditions are reported in the graphs
according toWD. In Figure 5.6 the definition of fetch is shown.literature several definitions
of fetch exist but the most common is the distaheg the wind has flown above the sea before
reaching the considered point. In this work, howetlee fetch is defined as the distance from
the coast of the considered offshore site andl@hislled as upwind fetcK if the wind reaches

the site from the coast and downwind feXtih the airflow from the site reaches the coast.

Each dataset is sorted according\Wwd (measured at 90m in FINO-1 and 116m in

Egmond aan Zee) in 12 sectors of 30°. The resuiisshown for four sectors and tNéD
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indicated in the legend is the centre line of #femence sector. For example, the sector labelled
60° contains all the measuremenisT, RH, etc.) that hav&VD between 45°N and 75°N. The
graphs are organised for increasing upwind feton.FINO-1 the sectors are 180°N (45 knX<

< 50 km andy > 450 km), 150°N (70 km X < 100 km,Y > 450 km), 60°N (130 km X < 190

km, 80 km <Y < 100 km) and 240°N (350 kmX < 400 km,Y > 100 km), while for Egmond
aan Zee the sectors are 150°N (20 kné<<30 km andY > 300 km), 180°N (30 km X < 50

km, Y > 280 km), 240°N (100 km X < 150 km, 15 km < < 30 km) and 300°NX > 280 km,

20 km <Y < 30 km). The fetch distribution is different fRgmond aan Zee and FINO-1 (the
nearest distances from the coast are around 18nrdn4& km respectively). Only for the
direction 180°N similar conditions can be foundt buen for thiSVD theY has different range,

since in Egmond aan Zee there are fetches of 3@Hile in FINO-1 only larger than 45 km.
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Figure 5.6: Definition of upwindX and downwindy distance to the coast.

Figure 5.7 shows the rati..{Uyeafor varyingu at the reference level (33m for FINO-1
and 21m for Egmond aan Zee) according to the fdterdnt WD. A general overestimation of
the wind profile is present in FINO-1 and an undgneation in Egmond aan Zee. In both
graphs the error decreases with increasiagd the error is high whenis lower than 8 m/s in
FINO-1 and 5 m/s in Egmond aan Zee. For both offstsites the very low wind speeds are
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difficult to estimate and considerably large errarge encountered. Increasing the error
reduces first for higheX than for lower ones. The model describes the wiradile better for

large fetches than for shorter ones.

Wind Speed Prediction at 90m from 33m,stationarily,PBL,Tvsea
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Wind Speed Prediction at 116m from 21 m,stationarity,PBL,Tvsea
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Figure 5.7: Wind speed prediction at 33m in FINO-1 and 116rkEgmond aan Zee with respect to reference wind
speedu using Richardson Bulk Method. The results are megloonly applying the stationary filter and withet
virtual sea surface temperatire., The legend in the graphs indicates the wind spl®dtion considered and the
distance to the upwindXj and downwind Y) coast. Any considered wind direction has got @aewidth of 30°
centred on the indicated direction. On the lefeghie data from FINO-1 and on the right side Egmeend Zee.

Figure 5.8 illustrates the wind profile with respée the stability stratification using the
same characterist/D. FINO-1 has a flat wind speed profile for the ahé¢ and very unstable
conditions. This is slightly higher for large fetchnditions and lower wheX is less than 100
km. The opposite happens for Egmond aan Zee; herfetch dependence on wind shear is not
clear for very unstable conditions while for ungatmear neutral and stable conditions such
dependence on fetch is clearer. A small offset lmamoticed in the wind shear between the
directions with short fetch (150° and 180°) and theections with large fetches (240° and
300°).

The wind shear increases with the stability angragortional to the proximity from the
coast in Egmond aan Zee while it seems inversagaitional in FINO-1. This interpretation is
not straightforward since the direction 60°N (inNBI-1) shows a lower wind shear. For
Egmond aan Zee more is the distance from the coast the time the fluxes have to bring the
flow (and so the wind shear) to a near-neutralifgr@abnfiguration. Hence, the flow starts with
larger velocity gradient, due to considerable @nperature stratification, and with passing time
this stratification reduces, due to thermal andhmetcal mixing and the ratio between the wind

speeds decreases. The situation is different R¢OFL; for large fetches there is a higher wind
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shear probably due to increasing in wave heighé dinflow, for direction 240°N comes from
open sea witX of more than 350 km and it goes towards open geaafe than 100 km). So
the flow has time to interact with the seawater arehte high waves (and so higher roughness
length) and hence higher wind shear. Moreover,rédsearch platform FINO-1 is placed far
from the coast where the seabed is about 30 m @nldese is not the effect of wave breaking
due to low depth of the sea. In contrast the medtmBEgmond aan Zee is closer to the Dutch
coast and the seabed is about 18 m. This couldhiexpte differences in wind speed profile
between the two sites. Indeed, if the very higleHet240°N) is excluded from the analysis,
FINO-1 shows (in the range near-neutral and veaple) a decrease in wind shear whén

increases.

a a
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Figure 5.8: Wind speed profile with respect to stability paeten 10/L using the Richardson Bulk Method. The
results are reported only applying the stationdtgrfand with the virtual sea surface temperafing, The legend
indicates the wind speed direction considered d&eddistance to the upwinK) and downwind Y) coast. Any
considered wind direction has got a sector widtlB@f centred on the indicated direction. On the sede the data
from FINO-1 and on the right side Egmond aan Zee.

Similarly, the situation reported in Figure 5.9lsehow the model estimates the wind
speed at higher elevations using the informatiah@teference low level according to stability
distribution and distance from the shore. TRig,x Method does not work properly in all
directions for FINO-1 and neither for the stabiliassification. The error is larger (as seen) in
stable conditions and for lower fetches. For Egmaawl Zee the model underestimates the wind
shear in unstable, near-neutral and stable staifins and for very stable conditions the model

overestimates the wind speed.
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As explained in section 5.1, the effect of usifige, is an increase in temperature
difference. This means that when the stratificattonnstable the model considers the flow very
unstable and when the flow is stable (or very s{afile airflow is considered less stable or even
unstable. Hence, in general, a lower wind sheaefied. This explains the behaviour of the
wind speed prediction in the graphs. This effeelates large underestimation in near-neutral
and stable conditions (around 0.1) in Egmond aae. ZEhe largeX directions show
underestimation while smallé¢ almost match the measurements. This can undextjaa the
fetch dependence of the flow. For large fetchesflihe has the time to reach the new wind
profile configuration in equilibrium with the neworditions of roughness length aigsea
This new configuration is close to a near-neutrafife. Since Egmond aan Zee is closer to the
coast, this effect is more evident compared to FIN®lence for both datasets it is clear that the
fetch distribution affects the model prediction.tekhatively, the geography of the site
influences the characteristics of the flow regiffiee distance from the coast, both upwind and
downwind, affects the flow development due to thedtsea discontinuity and growth of wind

waves.
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Figure 5.9: Wind speed prediction at 33m in FINO-1 and 116nEg@mond aan Zee with respect to the stability
parameterl0/L using Richardson Bulk Method. The results are regioonly applying the stationary filter and with
the virtual sea surface temperatiirg,, The legend indicates the wind speed directiorsiciemed and the distance to
the upwind K) and downwindY) coast. Any considered wind direction has got@aewidth of 30° centred on the
indicated direction. On the left side the data fieilRO-1 and on the right side Egmond aan Zee.

Figure 5.10 and Figure 5.11 show the relation betwl®/L andu. For these graphs the
results are plotted both usifig., andTwe, This is because, for this analysis, the resiisge
considerably when a different definition ;... (air temperature at air-sea interface) is used,
especially for Egmond aan Zee. Indeed, wiigR, is applied in Egmond aan Zee, the graphs

show an unforeseen increase in wind shear (alnwosalf stratifications) whem decreases,
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while the contrary can be observed in FINO-1. WHgg is considered, the two offshore
databases have similar results. The wind shearniform in unstable and vey unstable
stratifications for any wind speed class. For gtatinditions the wind shear increases with
respect to the reference wind speed, higher thel wpeed larger the wind shear. Hence the
wind shear depends on the mechanical momentum egebaThe dependence of wind shear on
mechanical momentum was expected since for nedrateand stable conditions the thermal
effects are less important. Whe&, is applied the behaviour of Egmond aan Zee iseasily
explained. It is not clear why only for this datade wind shear decreases with increasing
and why it is different from FINO-1. The resultstiviboth Twe, and Teeq have been plotted
because it is important to show how the definitid,..sea Can influence the results.

a Wind Profile and StabiIity,s'tationarity,PBL,Tvsea

T T T T

Wind Profile and S'fabiIity,sta'(ionarity,PBL,Tvse

T
—&—3m/s -6m/s
@ -6mfs - 9m/s
=4-=-9mfs - 12mfs
B 15m/s - 18mfs

T
—e—3m/s - 6m/s
o--6m/s - 9mfs
1357 -¢--0mis - 12mis
B 15mis - 18mis

145
DS 1.2f D&
3 o 13F
S 115 5
b 12f
108} 3 11f
" e-g.4.0 « - R
NS ol e ot
1 ,
0.95 . . . H . . I I . : I I
2.4 03 02 0.1 0 o1 02 03 -0.4 03 02 0.1 0 01 02 03
10/L 10/L

Wind Profile and StabiIity,stationarity,F’BL,TEea Wind Profile and StabiIity,stationari'(y,PBL,TSea

. T T T
—e—3m/s - 6m/s i —e—3m/s - 6m/s :
3~ 6m/s - 9m/s 161 - o--6mss -9mfs
1.35/) -¢--9mJs - 12mis 5 d -<=-9m/s - 12mls
B 15mfs - 18mfs. & 15mfs - 18m/s
1.3F
1.25F
Q12+
2
8
o 115
1.1
1.05-
4 s . o i
095 . . . . . . . H . .
0.4 -03 -0.2 -0.1 0 01 02 0.3 -0.4 -0.3 -02 -0.1 0 01 0.2 03
10/L 10/L

Figure 5.10: Wind speed profile with respect to stability paesen10/L and reference wind speed(measured at
33min FINO-1 and 21m in Egmond aan Zee), with atitionary filter and using the Richardson Bulktivel. The
legend indicates the range of the reference wiegdpln the top graphs the results are shown viithal sea surface
temperatur@vsggand in the bottom with absolute sea surface teatpesTs., On the left side the data from FINO-1
and on the right side Egmond aan Zee.
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This behaviour is also indicated in Figure 5.11 neh@e ratitUneadUpred IS Shown for both
Tvsea and Tseo The graphs show that decreasinghe model error increases. The uselaf,
shows differences between FINO-1 and Egmond aantZedirst shows overestimation and the
latter underestimation. The situation is likely 8ane for both databases whenThgis used.
Larger is the wind speed class larger is the otiematon. Looking carefully at the graphs of
Figure 5.11, for the speed class 15 - 18 m/s thelteare similar (almost identical in same
cases) to the graphs shown with both stationarysanf@ce layer filters in Figure 5.1 and Figure
5.2. This means that for largethe condition of surface layer is accomplishedlevfor low u
not. These results explain that moving away froe ¢hndition of surface boundary layer the
MO Similarity Theory slowly becomes less reliabledathis condition is mostly based on

especially in stable conditions.
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Figure 5.11: Wind speed prediction with respect to dimensiaksbility parametetO/L and reference wind speed
u (measured at 33m in FINO-1 and 21m in Egmond asa&),4Avith only stationary filter and using the Riotlson
Bulk Method. The legend indicates the class ofréference wind speed. In the top graphs the reatdtshown with
virtual sea surface temperaturee,and in the bottom with absolute sea surface teatpeTs., On the left side the
data from FINO-1 and on the right side Egmond ae@. Z
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Figure 5.12 and Figure 5.13 show the relation betvi®/L andu for two different fetch
conditions. TheWND of 180°N, for both sites, represents the showthile 240°N for FINO-1
and 300°N for Egmond aan Zee represent the Mdrdjstance from the coast. These two figures
have been selected to show the characteristicstegbm Figure 5.10 for all the fetches and
seeing, in this case, the differences with resfuefgtch distance.

The graph of Egmond aan Zee is similar to the tvogva in Figure 5.10, while for FINO-

1 the low wind speeds report a lower wind shear. ey stable conditions, however, the
lowest wind range is not big enough to let the vBagwing and hence the roughness length is
low. The flow has more time when the wind speelbve to adapt to the new lower boundary
condition (the sea) when passing from land to sehthus the wind shear decreases. This
behaviour is common for both sites but the gap betwthe three high velocities and the lowest

one is evident only for FINO-1.

Wind Profile and Stability,stationarity, PBL,180 deg,45<x<50,Y>450,TvSea Wind Profile and Stability,stationarity, PBL,180 deg,30<X<50,Y>300,TvSea
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Figure 5.12: Wind speed profile with respect to dimensionlesbitity parameterlO/L, using the Richardson Bulk
Method. The results are reported only applyingsttagionary filter and with the virtual sea surfaemperaturd Ve,
The results are shown for the wind direction 180iere the upwindX) fetch is low in both sites. The legend
indicates the class of the reference wind speedh®reft side the data from FINO-1 and on thetrgiHe Egmond
aan Zee.

Figure 5.13 shows that the wind shear is slightiwdr for high wind speeds than in
Figure 5.12. The graphs show also that the differdmetween wind classes is to some extent
lower than in the graphs of Figure 5.12. In theseditions the flow has the space (and time) to

let the waves grow and consequently the wind sisdzigh also for low.
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Wind Profile and Stability,stationarity, PBL,240 deg,350<X<400,Y>1OO,TVSe
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Figure 5.13: Wind speed profile with respect to dimensionlesbifity parametetl0/L, using the Richardson Bulk
Method. The results are reported only applyingsttagionary filter and with the virtual sea surfaemperaturd vse,
The results are shown for the wind direction 249°FINO-1 and 300° for Egmond aan Zee, where theing (X)

fetch is high in both sites. The legend in the gamdicates the range of the reference wind sp@adhe left side
the data from FINO-1 and on the right side Egmaamd Zee.

The fetch analysis continues using both statiorsarg surface layer filters to show the
effects of surface boundary layer on the resuliguré 5.14 shows the ratiGmeadUgreq fOr
varying u at the reference level (33m for FINO-1 and 21mEgmond aan Zee) according to
four differentWD (related toX distance from the coast). These graphs are simoilkigure 5.7,
but applying the surface boundary layer filter. Tilter, indeed, excludes the data with lower
such as less than 12 m/s at FINO-1 and 15m/s abBdraan Zee, but the results follow the
same trend. The surface boundary layer filter raaist the same flow characteristic with

respect to the shore distance for lauged excludes the values for law

Figure 5.15 gives the wind speed profile for the tifshore sites as ratio lower and higher
level wind speeds with respect to the stabilityapaeter10/L and using both stationary and
surface layer filters. The graphs report the wihdas according tX distance to the coast as
shown in Figure 5.8. The graphs show similar reswdtthose given in Figure 5.8. However,
here it is less evident the difference in wind steaording to fetch. All the lines are close to
each other around near-neutral conditions. Espgdiat Egmond aan Zee the points follow
almost the same path. The filter thus reduces dastcinfluence. This means that the flow
develops in the same way according Xodistance from the coast. The filter selects the
measurements with highar hence the buoyancy term plays a smaller role themechanical
momentum exchange. Reducing the effects of the dnaoy term means a reduction in air
mixing. The flow of information from the lower lelgeto the higher ones decreases. In this way,
the airflow tends to keep its structure and thedvghear is similar for different fetch conditions.
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Wind Speed Prediction at 90m from 33m,stationarity,surface Iayer,TvSea Wind Speed Prediction at 116m from 21m stationarity,surface Iayer,TvSe
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Figure 5.14: Wind speed prediction at 33m in FINO-1 and 116nEgmond aan Zee with respect to the reference
wind speedi using Richardson Bulk Method. The results are ntepoapplying both the stationary and surface layer
filters and with the virtual sea surface tempemiig., The legend in the graphs indicates the wind spiedtion
considered and the distance to the upwiddgnd downwind Y) coast. Any considered wind direction has got a
sector width of 30° centred on the indicated dicectOn the left side the data from FINO-1 and loa tight side
Egmond aan Zee.

The airflow behaviour described in Figure 5.15 et on the results of Figure 5.16,
which tells how the model evaluates the wind speitd respect tdl0/L andX. Figure 5.16 is
similar to Figure 5.9, but here both filters arglagd. However, the results are different since
the model estimates more accurately the wind speafde when both filters are applied. This is
valid for both FINO-1 and Egmond aan Zee. The lager (seen in Figure 5.9) is absent and in
particular for Egmond aan Zee the error decreaseédlee differences with respect to the fetch

are not evident.
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Figure 5.15: Wind speed profile with respect to stability paegen10/L using the Richardson Bulk Method. The
results are reported applying both stationary améase layer filters and with the virtual sea sogdemperature
Tvsea The legend indicates the wind speed directiorsiciemed and the distance to the upwiKylgnd downwind Y)
coast. Any considered wind direction has got acseatdth of 30° centred on the indicated directiam the left side
the data from FINO-1 and on the right side Egmaeamd Zee.
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Wind Speed Prediction and Stability,stationarity,surface Iayer,TvSea
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Figure 5.16: Wind speed prediction at 33m in FINO-1 and 116nEgmond aan Zee with respect to the stability
parameterlO/L using Richardson Bulk Method. The results are megloapplying the stationary and surface layer
filters and with the virtual sea surface tempemflis., The legend indicates the wind speed directiorsiclemed
and the distance to the upwing) @nd downwindY) coast. Any considered wind direction has gotawsewidth of
30° centred on the indicated direction. On thedafe the data from FINO-1 and on the right sidenfigd aan Zee.

Seen the climatology for these two offshore sitad dow the model simulates the

different phenomena, it is important to summariee ¢haracteristics of thei,,x Method:

The use ofTvse,reduces the wind shear estimation giving bettaulte in offshore sites

with large fetch distributions, like FINO-1.

The behaviour of FINO-1 and Egmond aan Zee is wiffeas far as it concerns the

parameterd O/L andu. In near-neutral and stable stratifications thedshear increases

with increasings in FINO-1 while it decreases in Egmond aan Zee.

For very unstable stratifications, the graphs shslightly dependence on fetch

conditions.

In near neutral, stable and very stable condittbedetch dependence is evident.

The fetch dependence reduces when the surface &igulagter filter is applied.

The wind speed estimation error increases with edesing reference, especially in

stable conditions.
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Chapter 6

WEATHER FORECAST MODEL
ANALYSIS

In this chapter the Monin-Obukhov Similarity Theadsyapplied to the database provided
by the weather forecast model COSMO-EU, used by Gleeman Facility Centre of the
Deutscher Wetterdienst. The results are compardul tve measurements at FINO-1. To this
aim the hourly time series of DWD is equal to tH&I®G-1 10-min time series for the years
2005-2006. Only the measurements taken at the gemied of time in both databases are
considered. With this condition the number of sagji$ 5030 for DWD and 27328 for FINO-1.
It is important to comprehend how the remote sendiata (and/or weather model data) could
be used, especially for offshore wind energy apgilbims. The following analyses will be

conducted using thRi,,x Method withTvseqand both stationary and surface layer filters.

6.1 DWD Analysis

In this section the stability analysis of the DWBtaket and the comparison with FINO-1
database are carried on. The same stationary affidcsuayer filters are applied to both
datasets. The same period of time is used; thisimgwat year, month, day and hour coincide
for any sample. The data presented are thus tmeiri@esults for FINO-1 and 1-hour for DWD.
To compare the data of DWD and FINO-1, the modeldvdpeeds have been interpolated since
no values were present at 33m and 90m levels. @ahwles decrease considerably in DWD
when both filters are applied and especially whea gtationary filter is present, because the
difference between 1 sample and the proceedingfseoiollowings is, in general, considerably

high since they are 1-hour average values.
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Figure 6.1: Wind speed profile at FINO-1 location using measuents (10-min average) and DWD model data (1-
hour average). The line labelled “FINO-1 data” e@nts the measurements of the offshore databake"RINO-1

MO Theory” represents the results of applying thenM-Obukhov Similarity Theory to FINO-1 databa3ée line
labelled “DWD data” represents the results forweather forecast model, while “DWD MO Theory” repeats the
results of applying the Monin-Obukhov Similarity ddry to the DWD database. The Richardson Bulk Mtiso
used with stationary and surface layer filters.

Figure 6.1 shows the wind speed ratio between 3@hB88m as function df0/L at FINO-

1 location. In this graph different results aretigd. The line labelled “FINO-1 data” takes the
measurements of the research platform (FINO-1)ptieewith “FINO-1 MO Theory” indicates
the use of MO Similarity Theory using the platfodata, “DWD datéa takes the measurements
of the weather forecast database and “DWD MO THeodnglicates the use of MO theory
applied to the DWD database. The wind speed proéileulated with the MO theory does not
fit the wind profile estimated with the COSMO-EU d&b in unstable and very unstable
conditions, while for near-neutral and stable ctiods it does fit. The DWD wind shear
matches very well in near-neutral conditions anddyin stable ones for both FINO-1's
measurements and MO theory. In unstable and vestable conditions the DWD model shows
a smaller wind shear with respect to the theoryabhigher one compared to the 10-min FINO-
1's measurements. The wind shear is generally cctoste FINO-1's measurements so that the
DWD model defines the wind shear better than thethiory.

It can be noticed that the theory predicts the $asnip DWD’s dataset better than FINO-

1's. Comparing Figure 6.1 and Figure 6.2, it isaclthat when a simpler model is applied the
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estimation accuracy decreases. The difference bettee theory and DWD model in terms of

weighted average error is 0.8% and the standaridtii@v is about 0.6%.

The results of this analysis are important not dniyn a theoretical point of view, but
more from a practical one. Often it happens thatather (satellite) model or a remote sensing
measurement gives the parameters at one level fmitroght want to know the wind speed
profile at different levels. The MO theory can imist case estimata,.q for other levels of

interest and the results can be considered reliable
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Figure 6.2: Ratio of measured and predicted wind speed at @&fith and standard deviation of this ratio (right)
FINO-1 location using measurements and DWD mod#.deor both databases the wind speed at 33m @ tose
predict the wind speed at 90m. The line labelle®VID MO theory” represents the results for the weafbescast
model applying the Monin-Obukhov theory, while “RINL MO Theory” represents the results of applyihg t
theory to the FINO-1 database. The Richardson Bldihod is used with stationary and surface layter§.

6.2 Sea Surface Temperature Analysis

For wind energy applications and in general foreaesh purposes, specific sea
measurements are not available in the sites afeisteCommonly the wind speed can be found
thanks to oil platforms far away from the coast ilnse the wind speed for helicopter landing or
thanks to ships that provide voluntary meteorolalgicformation (like in the KNMI database);
but the measurement of the sea surface temperatdreven the air temperature and humidity
over sea are not routinely made. For this reas@ riélevant to investigate the use of remote
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sensing data or weather forecast models in ordentegrate the real measurements. This
section combines the measurements from FINO-1 with 85T T and RH from the DWD
model. TheSSTis taken daily from the NOAA database [27] anccaimes from satellite
measurement. The value 85Tis used as input to the DWD’'s COSMO-EU modelis an
output of DWD model andRH is derived from the dew point at 2m and assumedgbthe
relative humidity at 33m. The time resolution fatlT andRH is 1-hour while 10-min for all
FINO-1's measurements: at the same hour the coslearse value of DWD while six FINO-

1's measurements, i.e. the samie associated to six different wind measurements.

R Method stationarity,surface layer

Thulk

T T T
* FINO-1 data, samples=4661
------- MO Model, samples=4661

1.25

DWD:SST,T,RH, samples=4664
Log law ZO=0.0002

Power law a=0.14

----- DWD:SST, samples=5061 o

1.05F e 1

-015 01 -005 0
Stability parameter, 10/L

-025  -02

0.05 0.1

0.15 0.2

Figure 6.3: Wind speed profile at FINO-1 location using measwuents and DWD model data, the lines labelled
“DWD” represent the results where one or more \@em of FINO-1 have been substituted with DWD das&b The
Monin-Obukhov model used is the Richardson Bulketwith stationary and surface layer filters.

Figure 6.3 shows the wind speed ratio between 90th 38m as function of stability
parametetlO/L at FINO-1 location. The line labelled “FINO-1 datakes all measurements of
FINO-1, the one with “MO Model” indicates the useMO similarity theory using platform
data, “DWDSST”and “DWD SST T, RH” indicate respectively the use 86TandSST T and
RH from DWD database and thefrom FINO-1 database to estimate the wind profilee
graphs indicate that, whatever set of data is ubeddefinition of the wind shear is the same
using the MO Similarity Theory. This is what waspegted since the wind shear is fully

determined by the tern#{10/L) because the roughness length slightly changes dingty to
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Charnock’s relation. However the theory does ndchthe FINO-1's measurements especially
in unstable conditions.
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Figure 6.4: Ratio of measured and predicted wind speed at @&fith and standard deviation of this ratio (right)
FINO-1 location using measurements and DWD mod#.d@or both databases the wind speed at 33m @ tose
predict the wind speed at 90m. “FINO-1 data” repngs the results of applying the Monin-Obukhov theto the
FINO-1 database. The lines labelled “DWD” repregbstresults where one or more variables of FINxie been

substituted with DWD model data. The Monin-Obukimedel used is the Richardson Bulk Method with etetry
and surface layer filters.

Figure 6.4 shows the predicted wind speed andatsdard deviation versus stability for
the different combinations of data. The dashed kil reports that the estimation using the
SSTfrom the meteorological database does not changsiderably the results (only a small
offset in the mean value and 0.05% in standard atievi, both around the near-neutral
condition). This is an important result for two maieasons: the possibility to use remote
sensing data to estimaB&STand its effects on thRi,, Method. The possibility of using the
SSTfrom a model (or satellite remote sensing) sobmgeral logistic problems in the campaign
of data acquisition in terms of time (model dat&saare ready to be used and have long time
period of available data) and cost. Submergingaerare expensive requiring experts for their
installation and maintenance. The second impogairit concerns the way of measuri8§T
This is a difficult parameter to measure because fieally difficult to catch the real absolute
temperature in the first millimetres of seawatemawr(i.e. exactly at the interface between the
two media, see Figure 2.1). The results show tlegtsmring at some meters below the sea level
(FINO-1 sensor) or using a remote sensing meadDWD) does not give any particular
disadvantage. Since there is not a large differentee results between 1-day resoluti&@Tof
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DWD and 10-minSSTof FINO-1, it can be concluded that time resolutior SSTis not
relevant. If the time resolution is not importaaliso the cool-skin and warm Ia§€crffects (see
[16] and [26]) appear to be unimportant to estinthéewind speed profile. Indeed cool-skin and
warm-layer act on a small time scale because theyirdluenced by factors (like solar
irradiation, precipitation and wind speed) that éna resolution of few hours. Moreover the
cool-skin and warm-layer effects can alter the terapre within 1 degree (see [16]). Such
temperature difference is already present betwedbB SSTand FINO-1's (see Figure 6.5),

but the results indicate that this is not enougthiange the estimation of the wind speed profile.

In Figure 6.4 the light blue line indicates theuleswith FINO-1's wind speed ar8iSTT
andRH from DWD. The results are reasonably satisfyingepx for an offset in near-neutral
and unstable conditions. The standard deviatiamiaverage slightly higher. These results can
be explained because the correlation of the twasg#s is high for the paramet&STandT, as
shown in Figure 6.9n these graphs an offset can be appreciated bettheetwoSSTand the
two T. For SST DWD has higher values while fdrgenerally lower. It means that when both
SSTandT are taken from DWD database, the average temperdifierence (thelg, term in
relation (2.18)) is smaller, hence the model calimd a different stability stratification, i.e.
always less stable. This effect explains the diffiee in number of samples between the results
using all the data from FINO-1 and the results widkVD SST A smaller temperature
difference produces a higher, if the sameau is considered, and thus higher surface boundary

layer height (see explanation in section 5.1).

In Table 6.1 the results are quantified in termsvefghted average (the average of each
bin times the number of samples)uf.adUpreq (iN the table AVG) and the weighted average of
the standard deviation (STD). The results showagestimation of the wind speed; but it must
be taken into account that overestimations areagegl with underestimations. This means that
these values are not constant and the effectsants lcalculations and power yield should not be
taken using the average. Indeed it seems thatwbage becomes better applying the DWD
parameters. The weighted mean of the standardtd®via instead a clear index of the variation
of the wind speed prediction and it shows that warage the estimation loses accuracy,
although this change is less than 0.4% between FIN@d DWD (withSST T andRH). Also
gquantitative the use &STT andRH from DWD does not alter significantly the results.

2 The cool-skin and warm layer effects are two phezmanthat happen in the first layers of seawaterethe wind blows, for
effect of heat exchange between air and waterehgpérature in the first millimeters tends to reduekile for effect of solar
irradiation a slightly larger layer tends to ingeats temperature. The two effects always compensat this behavior is not
constant and difficult to model (see [16]). Henke temperature measured at levels below the medresel is not the real sea
surface temperature.
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Correlation FINO-1 -3m T and DWD SST, r = 0.99702
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Figure 6.5: Correlation between FINO-1 and DWD air temperatanel SST In the top graphs the correlation
between -3 m sea temperature of FINO-1 and DWD’E &St) and the correlation between 33 m air terapee for
FINO-1 and DWD (right). The sample correlation dméént r is indicated in the titles of the top graphs. The
timeseries o5STand 33m air temperature are shown in the bott@aplgy.

FINO-1: u, T, FINO-1:u, T, RH FINO-1: u

RH, SST DWD: SST DWD: SST, T, RH
AVG 0.988 0.991 0.997
STD 0.021 0.024 0.025

Table 6.1: Values of weighted average of the bin error angjlted average of the standard deviation for theeth
different combinations d8ST air temperature and relative humidity.
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Knowing the frequency of atmospheric stratificatignvery important for a good wind

assessment of an offshore site. It is importansée how model parameters influence the
frequency of occurrence for a specific site (inrsthase for FINO-1). Figure 6.6 shows the

comparison between the frequency of occurrence thighmeasurements from FINO-1 and the

one withSST T andRH from DWD. These graphs are an expression of ttgeitademperature

difference just described. A larger temperaturéed#ce indicates more unstable conditions. So

the number of near-neutral conditions decreasds repect to FINO-1 measurements when

DWD data are used. (Note: the graph with FINO-ladatnot the same dfigure 4.1, because

the timeseries used is different).

Ribu\k Method,with FINO-1 SST,T,RH,stationarity,surface layer, samples=4661
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Figure 6.6: Frequency of occurrence of atmospheric stratificastat FINO-1 location using measurements (left) a

DWD model data (right). The Monin-Obukhov model dise the Bulk Richardson Method with stationary and

surface layer filters.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

A few conclusions can be drawn from the analyse$opwed in this report about the

offshore wind assessment in the North Sea usinyitir@n-Obukhov Similarity Theory:

The applicability of the Monin-Obukhov Similarityh€ory is site dependent. This
theory shows different results and dissimilar bétavfor the two offshore sites and
these differences are relevant for all the fivehrods to estimate the Obukhov length.
This underlines what found in literature, i.e. digtar results for different sites. This
means that even for the same sea (in this cadédith Sea) each site has its own wind
characteristics that are not well estimated by mmeaih Monin-Obukhov Similarity

Theory.

The validity of the Monin-Obukhov Similarity Theors based upon the assumption of
stationary fluid (not changing in time) and surfdager (friction velocity constant).
When these assumptions are not fulfilled the amastimating the wind speed profile
increases. This is not suitable because the flooften not stationary and mostly the
surface boundary layer height is lower than thééxsg level of interest.

The Richardson Bulk Method gives better results ttiee other four methods. Except
for the Sea Temperature Profile Method, all theepthethods give less accurate results

and hence they should not be used to investigatevitnd profile in offshore conditions.

The Richardson Bulk Method turns out to be serssitovthe air temperature definition.
The results change considerably as function ofaihéemperature (absolute, virtual or
potential temperature). Implementation of virtuaitgntial temperature has the most

reliable results.

The Richardson Bulk Method is also sensitive togbe surface temperature definition.

Virtual temperature and absolute temperature gifferdnt results in both datasets and
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CONCLUSIONS AND RECOMMENDATIONS

in particular for Egmond aan Zee. However, fronoasistence point of view and from
the results, the virtual sea surface temperatuneldhbe applied when the Richardson
Bulk Method is used.

The way of measuring the sea surface temperatunetigelevant. The model gives
slightly different results when the sea surfaceperature is taken from the satellite
with 1-day resolution or from the submerged senmgtn 10-min resolution. Hence the
warm-layer and cool-skin effects do not seem ty plaole in the wind speed profile

estimation.

The Richardson Bulk Method shows a strong deperalenche reference wind speed:
high wind speed improves the prediction. Generallgood precision in wind speed
estimation is obtained for wind speed higher thandffshore wind turbine rated wind

speed.

The Richardson Bulk Method shows fetch dependeategadifferently with respect to

fetch distribution in the two sites. However, thldgpendence reduces when both
stationary and surface boundary layer filter arpliad. This shows that the surface
boundary layer height plays an important role m titansition of the wind speed profile

from land characteristics to sea ones.

The weather forecast model COSMO-EU (provided by Dreutscher Wetterdienst
DWD) gives promising results and it could be a gtmal in offshore wind assessment.
As database, the COSMO-EU model can be used fsibiby studies of prospective

offshore wind farms. As implementing datasets,ah de used to integrate missing

measurements from databases.

The Monin-Obukhov Similarity Theory in general atiee Richardson Bulk Method in

particular have shown difficulties in estimatinge tbffshore wind speed profile. Hence, it is

reasonable to conclude that the Monin-Obukhov @intyl Theory does not pick up all the

important parameters influencing the offshore wipbfile. Few recommendations can be

provided:

The site dependence could depend on the fetchibdistm which is specific per each
site. It is recommended a further analysis of te&Hh conditions, possibly using

databases with similar distance from the coast.

Andrea Venora
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The model shows wind speed dependence. An inditdasothus to focus on the
dependence of the Monin-Obukhov Similarity Theonytlee wind speed in particular in
near-neutral and stable conditions in order to ttime model to the real airflow

conditions.

The use of models different from the Monin-Obukh®wnilarity Theory has to be
carried on and validated. In [28], Jens Tambke ssgg for example, to use the
“Theory of inertially coupled with profiles”, whickeems to estimate the wind mean
profile well for FINO-1. Another possibility is t@apply the Computational Fluid
Dynamics (CFD). It has been shown in the COSMO-Ebdleh analysis that the results
were satisfying, thus a more accurate local moteuksl generate good wind speed
estimations. Indeed, the results from the DWD deabare encouraging and the
COSMO-EU model should be analysed using other oftstocations to check its
reliability in wind speed profile estimation.

The offshore wind speed profile is a difficult ploemenon to simulate due to the several

aspects explained and the current methodologiesaloreach the desired accuracy. Some

improvements in wind profile estimation have todome for offshore wind energy applications.

For this reason we have to improve our tools foealistic assessment of the offshore wind

speed profile.

"D can't change the dinection of the wind, but 7 can adjust my sadls to always neach my destination. "

Jimmy Ray Dean
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Appendix A

The constants and equations applied for the aralysenot yet explained are reported in

this section.
Constants FINO-1 Egmond aan Zee
1.22 kg/n
g 9.81 m/$
P, 100000 [Pa]
G 1003.5 [J /kg K]
Rair 287 [J/ kg K]
k 0.4
R 8.314 [J/mol K]
M 0.02896 [kg/mol]
& 0.622
f. 1.46€* sin(at)
L, 2.501e6 [J/kg]
lat 54° 52.60°
DALR - 9.8 [K/km]
C 10
C 5
Table A.1: Constants applied in the models.
1@(U Delft
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Equations:

-gM [z

P=p e M (A1)

A.1 represents the air pressure at elevatifmn the air temperature.

7.5((T -273.16)

Es=6 11[10237.7+(T—273.1® (A.2)

A.2 shows the equation of the saturation vaporgumesfor the air temperatufg30].

T = T
_ Es[RH f-e,) (A.3)
100(P
A.3 is the virtual air temperature [31].
Rur
g,=7,( %" (4)
P
A.4 is the equation of the virtual potential tengiare.
Rair
o=T [&j % (A5)
P
And, similarly, A.5 is the potential temperature.
RH=100-5T -T,) (A-6)
A.6 shows the equation relating relative humidiiyt and dew temperatuiig [29].
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