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Abstract

Electrical power generation by means of wind energy becomes more and more important. To incre-
ase efficiency, wind turbine heights grow to orders of 100 m or more. The surroundings of deployed
wind turbines are seldom “ideal” in the sense of surface layer theory, which makes yield projections
challenging with conventional methods. The scope of this thesis is the wind profile between 10 m and
250 m at a more realistic location. Observations used for these investigations were obtained from Oc-
tober 2000 until March 2012 at the Wettermast Hamburg site. It is located in the easterly outskirts of
Hamburg, Germany. Its position and height allows for wind profile analysis in heterogeneous terrain

and up to heights above the surface layer.

The roughness length is determined for the surroundings of the Wettermast Hamburg for 30°-wide
wind direction sectors. If roughness length is to be determined from tall wind profiles at heterogeneous
terrain, it proves to be beneficial to expand the logarithmic wind profile to include a linear term. This
term accounts for a stronger increase of the wind speed at upper levels. The influence of surface
roughness is largest in 10 m. However, even in this level close to the ground, influence of varying
stratification is dominant. Atmospheric stratification is determined by Obukhov length and gradients
of potential temperature. It is not always uniform throughout the entire measurement height. These
deviations of stability result in deviations of wind speed as well. If only lower layer stability is used for
wind profile estimations and the influence of deviating upper layer stability is neglected, wind speed is
found to be overestimated. In this case, the wind speed can be mostly around 30% and up to 41% less
than expected. In all heights, the effect of variation of atmospheric stratification is considerably larger
than that of changing surface roughness. Stratification in upper layers influences the wind profile in
all heights. It should be taken into account for wind speed estimations, especially at higher levels.
Two mixing length models (Gryning et al., 2007; [Pena et al., 2010) are evaluated with observations.
No considerable improvement of the Pena et al. (2010) model over the |Gryning et al.| (2007)) model
can be found. For model wind speed estimations with those models at levels close to ground, a correct
representation of surface roughness is most important. Correct stability classifications become more

important at higher levels of wind speed prediction.






Zusammenfassung

Die Nutzung von Windenergie zur Stromerzeugung gewinnt immer mehr an Bedeutung. Zur Steige-
rung der Effizienz werden Windenergieanlagen immer grofer und erreichen Hohen von 100 m oder
mehr. Diese Anlagen werden allerdings selten in “idealen” Umgebungen im Sinne der traditionel-
len Ahnlichkeitstheorie aufgestellt. Dies erschwert Ertragsprognosen mit konventionellen Methoden.
Diese Arbeit behandelt das Windprofil zwischen 10 m und 250 m in einer realistischeren Umgebung
anhand von Messungen am Wettermast Hamburg zwischen Oktober 2000 und Mérz 2012. Durch die
Lage am Ostrand der Stadt Hamburg und die Messungen bis zu 250 m Hohe ist es moglich das Wind-

profil in einer heterogenen Umgebung und in Hohen oberhalb der Prandtl-Schicht zu untersuchen.

In dieser Arbeit wird die Rauhigkeitsldnge fiir 30°-breite Windrichtungssektoren aus Messungen des
Windprofils bestimmt. Es hat sich als sinnvoll erwiesen das logarithmische Windprofil hierfiir um
einen linearen Term zu erweitern, wenn Windprofile genutzt werden, die in gréoeren Hohen und in
heterogenem Terrain gemessen wurden. Dieser lineare Term beriicksichtigt die stirkere Zunahme der
Windgeschwindigkeit in groBeren Hohen. In 10 m Hohe ist der Einfluss der Oberflichenrauhigkeit
auf das Windprofil ist am groBten. Allerdings ist schon in dieser Hohe die Auswirkung verschiedener
Schichtungen deutlich groBer. Die Stabilitit wird in dieser Arbeit sowohl durch die Obukhov-Linge
L als auch durch Gradienten potentieller Temperatur klassifiziert. Die Stabilitit ist dabei nicht immer
einheitlich in der gesamten untersuchten Grenzschicht. Unterschiedliche Stabilitdten in der unteren
und oberen Hilfte wirken sich auf das gesamte Windprofil aus. Wird nur die Stabilitiit in der unteren
Schicht fiir die Abschitzung des Windprofils genutzt und weicht die wahre Stabilitiit in der oberen
Schicht davon ab, resultiert dies in allen Hohen meist in einer Uberschiitzung der Windgeschwindig-
keit. Dies bedeutet, dass die Windgeschwindigkeit meistens etwa 30% und bis zu 41% kleiner als
erwartet ist. Auch die Stabilitit in der oberen Schicht sollte daher bei der Abschitzung von Wind-
profilen, insbesondere in groferen Hohen, nicht vernachléssigt werden. Die Auswirkung von ver-
schiedenen Stabilititen auf das Windprofil ist in allen Hohen grofer als der Einfluss verschiedener

Oberflichenrauhigkeiten. Zwei Modellansitze nach dem Mischungswegprinzip (Gryning et al., 2007}



VI

Pena et al., 2010) werden mit Messungen verglichen. Es kann keine substantielle Verbesserung des
Pena-Modells gegeniiber dem Gryning-Modell gefunden werden. Fiir die Windgeschwindigkeitsab-
schidtzung mithilfe der Modelle in 10 m Héhe ist die korrekte Abschidtzung der Oberflachenrauhigkeit
am wichtigsten. In dariiberliegenden Hohen wird die korrekte Klassifizierung der atmosphirischen
Stabilitéit wichtiger.
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Introduction

Wind is one of the more tangible meteorological quantities. People experience it during their day-to-
day lives. It shapes landscapes and its energy has been utilized by men for hundreds of years. Wind

energy has been used for travel by sailboats or by windmills to mill grain and pump water.

In recent years electrical power generation by means of wind energy became more and more impor-
tant. Efforts have been made to cover a greater fraction of human’s energy demands by renewable
energy sources. In 2011, a Tsunami that hit Japan’s east coast and caused a nuclear disaster at the
Fukushima Daiichi power plant. As a reaction, the German federal government decided to replace
nuclear power plants and fossil fuels as main energy sources with renewable energy resources until
the year 2022 (Bundesregierung, 2012).

One way to meet the growing demands of wind energy power generation is to increase its efficiency.
Power production from wind turbines depends on the swept area of the rotor. To maximize efficiency,
wind turbine heights and rotor spans grew in recent years. Wind turbine hub heights for inland wind
turbines are currently at 80— 100 m and rotor diameters are around 100 m and up to 150 m. It is ex-
pected that hub heights will increase to exceed 100 m in future (Pedersen |2013}; [Haul, [2013)). Since
power is proportional to the cube of wind speed, even small errors in wind speed estimations result in
larger errors in yield projections. Therefore, it is essential to find methods that describe wind profiles
as precisely as possible. To assess potential locations for wind turbines or wind parks and the expected
yield, the prevailing wind profile has to be estimated at this location. This is commonly done by ex-
trapolating 10 m wind speed measurements using the logarithmic wind profile (Schwartz and Elliott,

2005). However, this approach is not sufficient to estimate the wind speed at current hub heights as the

logarithmic wind profile is not valid above the [surface layer (SL)|(van den Berg|, 2008}; |Drechsel et al.,
2012;Haul, 2013). Additionally,/[Hau|(2013)) points out that the wind energy assessment performed by

methods proposed in the European Wind Atlas (Troen and Petersen, |1989) has another disadvantage

as it neglects the orography at the potential site.
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Furthermore, as a result of increasing size of wind turbines, rotors of wind turbines are exposed to
stronger wind speed gradients between the upper and lower end of the area. Therefore, wind speed
estimations are not only important at the hub height itself but also over the entire rotor height as
this impacts power generation and load on the rotor (Wagner et al.l 2009; Sathe et al., 2013; [Draxl
et al., 2014). Atmospheric stratification is of great interest in this context, because it impacts the wind
profile. Additionally, it also influences other related effects such as the magnitude of wake effects
behind wind turbines and wind farms (Christiansen and Hasager, [2005) and noise emissions from
wind turbines (van den Bergl [2008). In addition to stratification of the atmosphere, surface roughness
is an important quantity as well. Gusts generated by surface roughness elements impact the load as

well as the expected yield at wind turbines (Suomi et al., 2013)

The wind profile within the boundary layer has been investigated by a great number of studies.
[Obukhov similarity theory (MOST)| has been developed in an attempt to describe turbulent behavior

of boundary layer flow. From field experiments, in particular the Kansas field experiment in 1968
(Kaimal and Wyngaard, [1990), universal functions were developed (Businger et al. [1971; Dyer,
1974)). These empirical functions are widely used (Foken, [2006b) and have been reevaluated through-
out the years (Hogstrom, [1988, [1996)). Nevertheless, they are still subject to research (Liang et al.,
2014; Hicks et al.,[2014)).

Several studies have been performed to assess the quality of wind speed estimation at current hub

heights from [numerical weather prediction (NWP)| models outputs. Drechsel et al.| (2012) analyze

[NWP|model output in comparison with data from eight meteorological towers in Europe to determine
the best output variable and interpolation method to estimated yields. They recommend the use of a
logarithmically interpolated wind speed at 100 m from neighboring model levels. |[Devis et al.| (2013])
investigate prediction of wind speed at common hub heights by downscaling large scale global circu-

lation model outputs. Draxl et al.| (2014) compare WRF model wind speed predictions with varying

[planetary boundary layer (PBL)| schemes, but find that no scheme is superior during stable stratifica-

tion. All these studies emphasize the importance of an adequate description of boundary layer wind

profiles for optimal results.

With increasing importance of power generation by wind energy it becomes more important to under-
stand processes at “non-idealized" locations, both with respect to surface characteristics and obser-
vation height. Efforts have been made to transfer boundary layer theory from idealized conditions to
more heterogeneous locations (van Ulden and Wieringa, |1996). In recent years the focus of boundary
layer wind profile research has shifted more towards the description of stable stratification both in
modelling (Mauritsen et al., 2007; |Buzzi et al., 2011)) and analysis of observations (van de Wiel et al.,
2012; [Ferreres et al., [2013). Furthermore, several studies (e.g. [van Ulden and Wieringa, |1996; Pellic-
cioni et al.l 2012) state that wind profile description from similarity theory for heights up to 200 m
is not sufficient and recommend an extension by means of geostrophic similarity theory. Therefore,



attempts have been made to extend the well known surface layer wind profile to heights beyond the
(Zilitinkevich and Esaul 2005; |Gryning et al., 2007; [Emeis et al., 2007; [Pena et al., 2010). As
Holtslag et al.| (2013)) point out, future tasks in boundary layer research include the investigation of
the role of heterogeneous surfaces on boundary layer processes, study of processes at extremely stable
stratification, and the need for a climatology of relevant parameters such as stratification, depth

and surface fluxes.

Observations used in this thesis are taken at the Wettermast Hamburg. It is located at the easterly
outskirts of Hamburg. Here, measurements are taken up to 250 m height. This allows for systematical
analyses of the boundary layer in the transition area between urban and rural terrain at higher levels.
Since the beginning of operation of the Wettermast Hamburg site in 1963 some studies have been
published using observations from this site. During the early stages of observation, |Link| (1966) in-
vestigated the influence of the mast structure on wind measurements. [Wamser| (1976) investigated the
structure of turbulence at varying surface roughnesses in the years 1971 to 1973. |Lange| (2001) gives
an extensive overview of the boundary layer climatology at the Wettermast Hamburg site for the years
1995 until 2000. In the study of Briimmer et al.[(2012), this overview is extended to the larger number

of available observations.

This thesis aims to broaden the understanding of boundary layer wind profiles at less than “ideal"
conditions. To sufficiently interpret observations taken at the Wettermast Hamburg, it is essential to
characterize the site, its surroundings and the present climatology. Therefore, one question that will
be investigated is: What are important characteristics of the Wettermast Hamburg site and its

observations?

As mentioned above, two important influences on the wind profile at levels close to the ground are sur-
face roughness and atmospheric stability. Several approaches exist to characterize surface roughness.
This will be summarized by answering the question: How can the roughness length z; be derived

from observations at tall masts in heterogeneous terrain?

In general, atmospheric stratification is determined from surface layer measurements. In this thesis,
the wind profile not only in the surface layer but also above is studied. This raises the question: Is it
sufficient to determine atmospheric stability for wind profile estimates by means of stratification

close to the surface?

Furthermore, it is interesting to assess which influence is stronger on boundary layer wind profiles: sur-
face roughness or atmospheric stratification. Therefore, the question How do varying surface rough-
ness and atmospheric stratification influence the boundary layer wind profile? is approached.

As previously mentioned, several attempts have been made to extend the formulation of the loga-

rithmic wind profile beyond the surface layer. These will be investigated by examining the question:
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How well are mixing length models able to describe the wind profile in heterogeneous terrain in
the surface layer and above?

The increasing importance of power generation by means of wind energy demands for validation
of current wind profile descriptions, especially at less than ideal locations. By utilizing observations
from the Wettermast Hamburg site it is possible to investigate the following question: How large are
uncertainties of wind speed estimations at levels in the order of current and future wind turbine
hub heights?

These research questions are investigated in the course of this thesis. It is structured as follows: In
Chapter 2] the characteristics of the boundary layer wind profiles are discussed. Two wind profile
model formulations (Gryning et al., [2007; Pena et al.l [2010) are introduced that aim to extend the

traditional logarithmic wind profile description beyond the surface layer.

For adequate interpretation of observations it is essential to assess the measurement setup and other
influencing factors. Chapter 3| gives an overview of the Wettermast Hamburg site. In particular, it

highlights the following points:

e The layout of the Wettermast Hamburg site itself and the different elements that compose this
site are described. The instrumentation and its features are discussed as well. Observations at
the Wettermast Hamburg do not necessarily represent the state of the boundary layer at the site
itself but is more a representation of the upstream conditions. It is therefore essential to assess

the surrounding area around the measurement site and its probable impact on measurements.

e Measurements that are taken at a meteorological tower are subject to disturbances of the mast
structure. It is aimed to assess the magnitude of these disturbances on observations and to de-

termine the operational range of wind directions.

e The observational basis used in this thesis is the time between October 2000 and March 2012.

A description of the wind climatology in Hamburg in this period is given.

One influencing factor on the wind profile is the underlying surface roughness. Its characteristics and

the influences on wind profiles are covered in Chapter {4}

e Roughness length zg as a measure of surface roughness is derived from wind profile observa-
tions. A method to determine zy from measurements at tall masts is introduced. Also, wind

speed dependency of the results is investigated.

e The impact of varying surface roughness on wind speed is analyzed by means of measurements
and mixing length wind profile models. The model results are validated with observations from

the Wettermast Hamburg.



The second large influence on the wind profile is the atmospheric stratification. This is investigated in
Chapter [5]in detail.

e A climatology of atmospheric stratification at varying wind speeds and wind directions is pre-
sented. Additionally, the stratification of the boundary layer is analyzed separately for two lay-
ers: I0mto 110 m and 110 m to 250 m.

e The observed wind profile at different stratification conditions is investigated. In particular, the

impact of varying stability in upper layers is analyzed.
e Wind profile models are validated with wind speed observations at different stability categories.

This thesis is summarized with conclusions and outlook in Chapter [6]






2

Boundary Layer Wind Profiles

The boundary layer is the domain of a flow where the influence of a surface is present. In the atmo-

sphere this layer is called [atmospheric boundary layer (ABL)| or planetary boundary layer. The basic
P y p y lay p y y lay

characteristics of and boundary layer flow are described in this chapter. explanations in this
chapter are mainly based on the textbooks by |Stulll (1988]), |/Arya|(2001) and |[Foken| (2006b).

In Section the structure of the is discussed. Formulations for the wind profile in the surface
layer are presented in Section [2.2] To assess the wind profile in heights of current and future wind
turbines, the formulations have to be extended into layers above the surface layer. Methods for this

extension are presented in Section [2.3]

2.1 Boundary Layer Structure

The is the domain of the atmosphere which is influenced by the underlying surface and its
characteristics (shape, roughness, albedo, moisture content, heat emissivity and heat capacity) (Emeis,
2013)). Its vertical extent is highly variable and it often has a distinct diurnal cycle (Stull, 1988).

One can identify three main types of boundary layers over land which are mainly classified by the

radiation’s influence or the lack thereof. The [convective boundary layer (CBL)| develops due to heat

input from below and is dominated by intense vertical mixing resulting in small vertical gradients. The

[stable boundary layer (SBL)|occurs often during nighttime where the ground cools due to emission of

long-wave radiation and thus also cools the lowest air layers. This results in low turbulence and large

vertical gradients. When clouds, wind and precipitation override the radiation’s influence, a

[poundary layer (NBL)|forms near the ground which has almost no diurnal variation (Emeis, [2013).

Generally, the influence of the surface on the atmospheric flow is strongest near the ground and de-

creases with height until it is considered to be negligible in the free atmosphere. Corresponding to
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this decrease, the atmospheric boundary layer is sub-divided into several layers. Closest to the ground
or the roughness elements is the laminar sublayer. It extents up until the order of a few millimeters.

Above follow the surface layer and the Ekman layer.

The surface layer is the layer where most humans spend the majority of their life. In this layer the
turbulent fluxes vary by less than 10% with height. It is therefore also called constant-flux layer. The
Coriolis force in this height is small and can usually be neglected. Therefore, the wind direction is

almost constant with height in this layer.

The Ekman layer follows above the surface layer up to the top of the boundary layer. In contrast to the
surface layer, the turbulent fluxes in the Ekman layer are not constant but decrease with height until
they vanish at the top of the Additionally, the Coriolis force is no longer negligible and causes
a change of the wind direction with height.

Wind turbines from previous generations rarely extend above the surface layer. In the last years how-
ever, the hub height of wind turbines has grown considerably and now often reaches into the Ekman
layer. To be able to estimate the wind speed in those larger heights but also to asses the load of wind

shear on the rotor, it is necessary to extend the well-known equations beyond the surface layer height.

2.2 The Wind Profile in the Surface Layer

Atmospheric flow in the surface layer is influenced by surface friction. Mainly two approaches exist

to describe the wind profile in the surface layer: the logarithmic wind profile and the power law.

2.2.1 The Logarithmic Wind Profile

To describe the wind profile in the surface layer it is assumed that the mean flow is stationary and
horizontally homogeneous, that the momentum flux is vertically constant and that the Coriolis force is
small. Originating from gradient transport theory and with the assumption that the vertical momentum
exchange coefficient is proportional to the mixing length [I] an equation for the vertical wind speed
gradient can be derived (see textbooks, e.g. [Etling, [2008)):

du  u,

—=— . 2.1

dz 1 .1
Here, d1i/dz is the vertical gradient of the average wind speed and u. is the friction velocity. The
mixing length is often thought of as a measure for the maximum eddy size. In neutral conditions this
size mainly depends on distance from the surface. Therefore, [ is proportional to height: [ = kz. K is

the dimensionless Kdrman constant [l
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In diabatic conditions, eddy size and accordingly mixing length depend on stratification. Therefore

mixing length formulation is extended by the stability dependent profile function ¢,,(z/L): [ = kz¢,,".

In agreement with|[Monin Obukhov similarity theory| (MOST), the dimensionless wind shear now only

is a function of the stability parameter (z/L) (Foken, 2006a):

Kz du z
——— = - : 2.2
u, 0z Om (L) (2.2)
Here, L is the Obukhov length: B
0 u
L=———" . (2.3)
K-g Wlel

In this formulation, 0 is the mean potential temperature, g is acceleration due to gravity, and w'6’ is
the turbulent vertical transport of sensible heat which is proportional to the turbulent sensible heat flux

(H = pc,w'0’; p is the density of air, ¢, is specific heat at constant pressure

Several attempts have been made to determine the form of the stability dependent profile functions
¢m(z/L). Following the Kansas field experiment in 1968, Businger et al. (1971) determined the form
Om = 1+ bz/L for stable and ¢,,, = (1 — az/L)? for unstable stratification. Values of the constants a, b,
and p were determined empirically from this and following experiments (Businger et al., 1971} |Dyer,
1974). In addition, the value of the Kédrmén constant[k]was a subject of discussion for quite some time.
Hogstrom| (1988) modified the previously found values for a, b, and p to allow for the now widely
agreed-upon Kdrman constant @=0.4 (Stull, [1988}; |Arya, |2001). Here, the universal functions derived
by Businger et al.|(1971]) and modified by Hogstrom! (1988)) are given exemplarily:

1+6 % stable
O (E) -1 neutral 2.4)

(1 —19.3 %)71/4 unstable

Integrating Equation (2.2)) from [zo| to the height z leads to the formulation for the wind profile, the
so-called logarithmic wind profile:

u= % <ln (;0) . (i)) . 2.5)

The roughness length [zg| is an integration constant and is taken as the height, at which wind speed

reaches zero, y,, is the integral of the universal function.

I"The above notation follows the principle of Reynold’s decomposition. A measured quantity x = x+x’ comprises the mean
value X and the turbulent deviations from that mean x’. In the course of this thesis, the overline that denotes averages
will be omitted and turbulent deviations will be indicated by a dash at the variable (Foken| 2006b).
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In case of neutral stratification Equation (2.5) has the well-known form:

u(z) = Zn <Z> : (2.6)

K 20

2.2.2 The Power Law

Aside from the logarithmic profile, a widely used formulation for the wind profile is the power law

(Blackadar, [1997). This empirical formulation allows for the estimation of the wind profile from only

p
u(z) = us, (;) . 2.7)

a

one measurement at the height z,:

With the measuring height z, and the Hellman exponent p, which ranges between 0 and 1 and de-
pends on surface roughness and stability. Sedefian| (1980) showed that the Hellman exponent can be

expressed as a function of roughness length zy and stability parameter { = z/L:
Z
o (z)
p =
o(2) %)
20 "\L

¢, and y,, are the universal functions from Section [2.2.1]

(2.8)

When surface roughness increases, p increases due to the enhanced turbulent mixing. Unstable strat-
ification results in a reduction of the Hellman exponent, whereas in stable conditions p increases
(Blackadar, |{1997).

Emeis|(2013) mentions that in conditions favorable for wind energy conversion (i.e. strong wind speed
which is often associated with neutral stratification and smooth terrain) the power law acts as a good

estimate for the surface layer wind profile.

2.3 Extending the Wind Profile Above the Surface Layer

The formulations mentioned in Section are developed to describe the conditions in the surface
layer. As the wind power generation evolves and wind turbines reach larger heights, an estimate for
the conditions well above the surface layer is necessary. (Gryning et al.| (2007) (Sect. and |Pena
et al| (2010) (Sect. [2.3.2) attempt to extend the surface layer formulation into the Ekman layer by
expanding the mixing length definition. Another approach to expanding the wind profile is to develop
a two layer model with separate equations for surface layer and Ekman layer (Emeis et al., 2007;
Etling| 2008).
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2.3.1 |Gryning et al. (2007)

The approach of |Gryning et al.| (2007) is based on the mixing length hypothesis. They devise an
extended formulation for the modified mixing length to include additional formulations for the middle
of the boundary layer Lygr. and the upper boundary layer Lygr. The different length scales are joined

by inverse summation:
1 1 1

I Ls.  LwpL LusL

(2.9)

For neutral stratification the surface layer length scale is proportional to the height: Lg;, , =/ = kz. The
upper boundary layer length scale is proportional to the distance to the boundary layer top z;, leading
to: LypLn = Zi — 2. A parametrization for Lypr, has been devised by taking advantage of Rossby
similarity theory and by empirically fitting the theoretical profiles to measurements at Hgvsgre and

Hamburg:
U0

LmBLn = F (—2ln (%) +55)

Here, u. is the friction velocity at the lowest measuring level (which is considered to be constant

(2.10)

throughout the surface layer) and f is the Coriolis parameter.

Accordingly, an empirical parametrization for the middle boundary layer length scale for non-neutral

stratification Lygy, has been devised:

(5)
LnpL = 10 cexp | A& @2.11)
f(~2mn (%) +55) 400

By using the above parameterizations for the length scale in the different parts of the boundary layer

Gryning et al.|(2007) derived equations to describe the wind profile based on stability:

uz) 17 ( z ) z z ( z >]

=—1|In{ =)+ -= neutral (2.12)
u K| \20 LvBLn  Zi \2LMBL
u(z)y 1] [z z 4 F4 z z

=—|In({—=|+b=|1—— |+ - — stable 2.13
uso K[ (ZO> L < 22i> LvBL <2LMBL>:| 213
ulz) 1] (z) z z z ( z )}

~_ S m(2) - ( ) n _z unstable  (2.14)
uo K| \20 L Lver  zi \ 2LmaL

In the same way as Equation (2.5), the non-neutral formulations (2.13)) and (2.14) include a stability
correction term. b is a dimensionless constant resulting from the stability correction for which different
values are commonly used. Dyer| (1974) proposes b = 5, |[Businger et al.| (1971) suggest b = 4.7 and
Hogstrom| (1988)) gives b = 6. In this thesis a medium value of b =5 is used. y (f) is the stability
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correction term for unstable cases. Derived from the universal function ¢,, = (1 —12z/L)~'/3,it s

. 3 1 4+x+x2 1+2x T
W(E):iln (3)—\/§arctan< NG )+\/§ (2.15)

and x = (1 — 12z/L)'/3.

Necessary input parameter for wind profile calculations at height z by Equations (2.12)) — (2.14)) are
the surface layer friction velocity u.g, roughness length zg, and the Obukhov length L. Since no mea-
surements of the boundary layer height z; are available, this height has to be parameterized using the

Rossby-Montgomery formula (Zilitinkevich and Baklanovl, 2002):

4=0122 (2.16)

f

From the Wettermast Hamburg measurements a time period of one year (2007) has been used to
derive the empirical constants in (2.10) and (2.11)). Compared to the number of observations used in
this study it is justifiable to test this parametrization again with the larger sample size, even if the

measurements used for the derivation are part of the sample.

2.3.2 Peiia et al. (2010)

Pena et al.| (2010) use a similar approach as|Gryning et al.|(2007)), to extend the mixing length formu-
lation from surface layer length scale / by inverse summation. However, in |Pena et al.[s approach the
formulation of the mixing length is adjusted to:

11 (kg)4!

Here, the increase of / with height is limited to 1. This is the maximum value that the length scale /

reaches asymptotically in the free atmosphere. d is the parameter that controls the rate of this growth.

Table 2.1: Empirical values of Equation (2.21) for varying stratification. Values taken from Pefia et al.
(2010). Stability categories will be further defined in Table @

Stability class very unstable unstable near unstable neutral near stable stable very stable

A 24 2.1 1.9 1.7 1.6 1.5 1.5
B 4.3 4.6 4.8 5 5.1 5.2 5.2
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Using this definition for length scale leads to a description of the wind profile at diabatic conditions:
i d d
70 z 1 (kz 1 7 (K2 z
uz)=—|In{—)+=s|—) - | —|—-|— ) —— neutral (2.18
©="% <ZO> d<ﬂ> <1+d>2i(n> Zi] (.18)
() ”*0-1<Z>+bz<1 Z>+1(Kz)d < 1 >Z<Kz>d : table  (2.19)
u(z) =—|In| — - 1-—= =) - (—)-({=) —= stable .
K 20 L 2z d\n 1+d/) z \n Zi
I d d
Us0 Z 1 (k2 1 z [ Kz Z
uz)=—|In{ —|-Ypt+-=(— | — | — | — - = unstable
©=" <Zo> i d(n) <1+d>zz~<n> Zi]

(2.20)

The parameter d has been estimated with different values: |Blackadar| (1962) proposed d = 1, whereas
Lettau (1962) suggested d = 5/4. Pefia et al.|(2010) used both values side by side and only found
d = 5/4 to fit the observations slightly better for near-neutral conditions in the lowest tens of meters.

In this thesis d = 1 is used since |Pefa et al.|found no large advantage of one value over the other.

Based on the analysis of measurements at Hgvsgre (Denmark) during July 2008 to October 2008, the

maximum length scale 1) has been parameterized to be:

KZ; u 2 12 Zi o
_ i 1 ) Al +B? In{ . 2.21
! [d(1+d)1/d] ([n<fc20> } i ) i n(ZO) @20

The values of A and B are empirically estimated and are listed in Table[2.1]

2.3.3 Two Layer Model

Emeis et al.| (2007) and [Etling| (2008]) propose a two layer model to extend the wind profile description
beyond the surface layer. In their approach, the wind profile formulations of the surface layer and the
Ekman layer are combined to ensure a smooth transition between the two. Depending on height, three
formulations are given for heights in the surface layer (z < zgy,) at the top of the surface layer (z = zs1.),
and in the Ekman layer (z > zsp ). For z < zg, the logarithmic wind profile @ is used. In the Ekman
layer (z > zs1.) the wind profile is described by the Ekman layer wind profile equation. In this case,
the height variable is the height above the top of the surface layer. The wind profile at the top of the
surface layer is the transition between both layers. Here, the wind profile is described by Ekman layer

wind profile equations for z = zgp..

Necessary input variables for this model are surface roughness length 7o, geostrophic wind speed u,,
height of the surface layer zgy, surface layer friction velocity u.(, and angle between geostrophic and
surface wind . Only zg and u. can directly be determined from Wettermast Hamburg observations.

This approach is not quite feasible for analyses with the current data set and is therefore not used.






3

Wettermast Hamburg

All analyses in this study to answer the scientific questions introduced in Chapter [I] are based on ob-
servations at the Wettermast Hamburg site. The Wettermast Hamburg is located at the border between
the city of Hamburg and its easterly rural surrounding area. Therefore, measurements taken at this
site allow for analyses not only at different atmospheric stratifications but also for distinctly different

surface roughnesses depending on the wind direction.

Careful interpretation of observational data requires detailed information about the experimental setup.
Therefore, an overview on the Wettermast Hamburg site and its instrumentation will be given in the
first section of this chapter. Measurements at tall towers are likely affected by the tower itself. This in-
fluence will be discussed in Section [3.2] Besides these disturbances, measurements at specific heights
are strongly determined by the environment of the site which is, in case of the Wettermast Hamburg,
rather heterogeneous with an urban area in the west and rural terrain towards the east. More details
will be presented in Section[3.3] An overview on the observational basis of this study and a description
of the wind climatology at the Wettermast Hamburg site will be given in Section [3.4]

3.1 The Wettermast Hamburg Site - Layout and Instrumentation

The measuring site “Wettermast Hamburg” is located at the easterly outskirts of Hamburg
(53.519°N, 10.103°E). It consists of a 305 m tall tower, a 12 m mast and several other instruments
in the vicinity (Briimmer and Lange, 2004; Briimmer et al., 2012)). Measurements at 50 m and above
are conducted at the tall main mast. Below 50 m height however, the main mast is surrounded by oper-
ational buildings and trees (Fig. [3.1). Therefore, surface measurements and measurements at 2 m and
10 m height are taken at a secondary mast, located on a meadow approximately 170 m to the north-east

of the main mast.
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Wettermast Hamburg

a. Main Mast

b. 12 m Mast

1. Allotments

2. Gravel pit

3. Lake

4. Residential Buildings

5. Industrial Area

Figure 3.1: Sketch of the Wettermast Hamburg site and immediate surroundings. Position of main
mast is marked with a, position of the secondary mast with b. Buildings and trees in proximity of
main mast are approximately 10 m high.

300 m main mast 12 m mast

T

(2) (b)

(c) Data reception hut

m — Rain gauge

Ceilometer

50 m

platform
detector

Micro rain ~ "’ :

e —

=8

Figure 3.2: Instrumentation at the Wettermast Hamburg site: (a) the main mast with platform heights
with exemplary instrumentation, (b) the 12 m high secondary mast, (c) supplemental instrumentation.
Pictures courtesy of I. Lange.
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Table 3.1: Excerpt of instrument distribution in different measuring heights at the Wettermast Ham-
burg site. Data from instruments marked with (x) are not used in this thesis.

Measuring height(m) 2 10 50 70 110 175 250 280

Wind X X X X X (x)
Temperature x) x X X X X (%)
Humidity x) x) ) x) x ® ®
Irradiance (%)

Surface Temperature  (x)

The main mast is a 305 m high radio tower (Fig.[3.2](a)) operated by [Norddeutscher Rundfunk (NDR)|
and equipped with meteorological instruments at several heights. It is a solid cylindrical mast of 2m
diameter. The measurement heights are 50, 70, 110, 175, 250, and 280 m. At 50, 110, 175, 250, and

280 m, hexagonal platforms are installed. At the edge, pointing in the direction of 190°, a boom is

mounted, equipped with several instruments. In 70 m the boom that carries the instruments is attached

directly to the mast.

The platforms at 50, 110, 175, and 250 m are equipped, amongst others, with three-dimensional ul-
trasonic anemometers (METEK USA-1) and a platinum resistance thermometer (Pt-100). At 280 m
only an ultrasonic anemometer (METEK USA-1) is installed. At 70m height, temperature but no
wind measurements are conducted. The METEK USA-1 ultrasonic anemometers sample data with a
frequency of 20 Hz. The measurements have a resolution of 0.01ms~! and an accuracy of 0.Ims~".
The Pt-100 thermometers sample data with 1 Hz frequency, 0.01 K resolution, and 0.1 K accuracy
(Briummer et al., 2012).

The secondary mast is a 12 m high lattice mast (Fig. (b)). It is located on a meadow about 170 m
to the north-east of the main mast. The measuring heights on this mast are 2 m and 10 m. The instru-
mentation in 10 m is equal to the instrumentation on the main mast with an ultrasonic anemometer

and a platinum resistance thermometer. In 2 m height temperature but not wind is measured.

Measurements from the instrumentation described above will be used throughout this study. In addi-
tion, a varying number of instruments are present at the measurement site. Capacitive humidity sensors
are installed in all heights, except for 70 m, instruments for irradiance measurements (pyranometer and
pyrgeometer) are mounted on top of the 12 m mast, and an infrared thermometer measures the sur-
face temperature from 2 m height. Rain sensors, a ceilometer and a micro rain radar are permanently
operated and located near the main mast (Fig. [3.2](c)). Other instruments, i.e. Sodar, Wind Lidar, or

Radiometer, were only present temporarily during measurement campaigns.



20 3 WETTERMAST HAMBURG

A,=14Tm R=1m
A4,=208m P=135m
A4,=05Tm D=2R

L=R+P+A,+A4,+4,=64Tm

Figure 3.3: Platform layout at Wettermast Hamburg in 50, 110 and 175 m. Left: picture of the 110 m
platform, photograph by courtesy of M. Jacob. Right: Sketch of platforms. Mast’s radius R, platform
width P, length of boom segments A;_3, anemometers distance from mast center L. The boom extends
towards the direction 190°. Sonic anemometer location is marked with .

3.2 Influence of the Wettermast Hamburg on Wind Measurements at
the Mast

When instruments are mounted on a meteorological mast, they not only register the environmental
state of the boundary layer. Instead, every measured quantity is taken from a flow which is disturbed
by the mounting structure itself. Therefore, the impact of these disturbances has to be estimated and
appropriate correction methods have to be applied when possible. In general, there are two types of

mast structures in use: open lattice or solid cylindrical masts, like the Wettermast Hamburg.

The platforms of the Wettermast Hamburg are approximately 1 m wide. At the edge of the platforms
booms are mounted. And at the end of those booms the anemometers are installed at a distance of
6.47 m from the mast’s center (Fig.[3.3).

Several studies have been published on the disturbances of the air flow by mounting structures, con-
sidering both solid cylindrical towers and open lattice masts. Authors investigating the influence of

open lattice type masts found different values for the width of the wake region, depending on the mast

geometry. For an open lattice type mast Barthlott and Fiedler| (2003)) observe a wake region of 40°,
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Dabberdt| (1968)) observes 60° and [Cermak and Horn! (1968) state that the flow in a leeward sector of
30° is disturbed by the mast. All these studied masts vary slightly in their geometries, which explains

why the determined width of the wake region width varies between 30° to 60°.

Gill et al.| (1967) conducted wind tunnel measurements of quarter scale models of open lattice-type
structures as well, but also on solid cylindrical towers. They found that the lattice-type structures
generally influence the air flow only moderately, whereas solid towers and stacks generate stronger
turbulence. In their experiment they observed that the flow behind a solid stack was disturbed in a 180°
wide sector. If a wind speed measurement accuracy of + 10% within an angle of 180° is desired, Gill
et al.| recommend the following ratio between the mast diameter [D] and the distance from the mast’s
center [}

L=3D . 3.1

At the Wettermast Hamburg the ultrasonic anemometers are installed on booms with L = 3.24 D (see
Fig.[3.3) which satisfies the requirement. In a direction range of 100° <[|dd|< 280° (£ 90° from boom
direction) a wind speed accuracy of + 10% is therefore expected.

Although the flow at the Wettermast Hamburg is almost always turbulent (Jacob, 2013)), the velocity
reduction .~ in a laminar flow can be used as a first estimate to assess the wind speed measurement

accuracy in the near field of the mast. According to Borovenko et al.|(1965), it can be estimated by:

l:f(rv(p):

o

27,2 2 1) 2
\/l_a [2r%(2cos? 9 — 1) — a?] 32)

r ’

with measured wind speed u, speed of the undisturbed flow u.., the mast’s radius a and polar coordi-
nates (r, ¢). With this ideal concept, the measurement accuracy at the Wettermast Hamburg would be
+2.4% (a=2m, r=6.47 m). Here, the wind speed in front and behind the mast are reduced and accel-
erated at angles perpendicular to the flow direction. These theoretical estimations have been reviewed
at the Wettermast Hamburg as well: from September 1963 to November 1964 — during the early stages
of measurements at the Wettermast Hamburg facility — |Link| (1966) investigated the mast’s influence
on the wind measurements for this specific setting. To this end, two additional booms were mounted
in 110 m height, pointing towards the directions of 70° and 310°. In this study |Link| found that wind
speed was underestimated in windward directions by at most 4.5% and on average 2.7%. Perpendicu-
lar to the flow, measured wind speed was overestimated by at most 10.5% and on average 6.6%. Addi-
tionally, the author recommended the operative sector for wind measurements to be 40° <|dd|< 340°,

because the influence of the mast on the flow was too strong in the leeward directions.

Summarizing the literature overview, |Linkl (1966)’s findings at the Wettermast Hamburg correspond
well with wind tunnel results from |Gill et al.| (1967). Also, the ideal approach of the velocity reduc-
tion from the potential flow theory (3.2) shows similar results to the measurements. The acceleration

around the mast perpendicular to the flow, however, appears to be higher in measurements than the
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Figure 3.4: Turbulence intensity /, medians from 10-minute intervals for 1° wind direction intervals.
The dashed line represents the position of the mast with regards to the anemometers. Measurements at
10 m height are taken at a separate mast located roughly 170 m northeast of the main mast. Additional
measurement data at 50 m height — labeled “50 m (B)* — stems from a second ultrasonic anemometer
that is also installed at 50 m height but below the regular one at that height. The gray area marks the
sector that is determined to be disturbed by the flow around the mast.

theory suggests.

Beginning in October 2000, ultrasonic anemometers have been installed at the Wettermast Hamburg.
This now allows for verification of the previous findings by using turbulence measurements. With this
data turbulence intensity can be used to determine the magnitude of flow disturbance caused by the
mast. Turbulence intensity of the wind component in direction of mean wind [u|is the dimensionless

ratio of standard deviation ¢, and wind speed (Stull, |1988)):

=2 (3.3)
u

When measurements are conducted at a meteorological tower, not only the environmental turbulence
— caused by the surrounding surface roughness — is observed, but also turbulence induced by the flow
around the mast’s structure is registered. Thus, turbulence intensity measured by ultrasonic anemome-
ters at the Wettermast Hamburg is a superposition of turbulence induced by surrounding surface rough-
ness and mast-induced turbulence. Turbulence intensity can therefore provide information about the
flow area disturbed by the mast itself. Figure[3.4]shows the medians of turbulence intensity for 1°-wide
wind direction intervals at different heights. Turbulence intensity is generally higher at lower measur-

ing heights because of the stronger turbulence caused by the closer surface. At 10 m, the turbulence
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intensity median fluctuates around 0.15 without any wind direction dependency. This measurement is
taken on top of a separate mast (see Section [3.1) and therefore, the turbulence intensity median is not
influenced by any supporting structures. The measurements at the other heights show that the turbu-
lence intensity median is distinctly increased at wind directions close to the mast’s direction compared
to the supposedly undisturbed directions. From this analysis at different heights it is concluded that

the wind direction range between 60° and 320° is undisturbed by the mast’s structure.

These initial considerations have been further investigated by Jacob| (2013). Here, measurements at
the Wettermast Hamburg and Sodar observations during a time period from April 2010 to July 2012 at
the site are compared. |Jacob|states as well that wind measurements are influenced by mast circulation.
Additionally, it is mentioned that the width of the disturbed sector varies with height. In general,
Jacobs findings support the above stated range of disturbed wind directions. The variations of the
range with height are ascribed to varying geometry of the platforms at different measurement heights.
In addition Jacobl mentions that the width of the sector that has to be considered as disturbed not
only varies between measurement heights but also with the averaging interval used. The magnitude
of variations due to measuring height, however, predominates the magnitude of variations due to the

averaging interval.

Additionally, Jacob| (2013)) quantifies the deviations between wind speed measured at the Wettermast
Hamburg and wind speed measured by Sodar. Here, for wind directions just outside the disturbed
sector and up to perpendicular to the boom direction, wind speed are up to 20% higher than the com-
parison measurements from the Sodar. However, the exact value of this deviation is uncertain. [Hein
(2012), [Heitmann| (2012)), and [Sudmeyer| (2012)) compare measurements at the Wettermast Hamburg
with Sodar and Wind Lidar measurements. All authors mention systematic deviations — both over- and
underestimation — between wind speed measurements at mast and Sodar. The potential overestima-
tion of wind speed at wind directions perpendicular to the boom direction that Link! (1966) mentions
is confirmed by Jacob| (2013). However, since the exact amount of this effect is unclear, no correction

is applied in this thesis.

Based on the above analysis and the recommendations given by Jacob| (2013)), only wind directions
dd between
60° < dd < 320° (3.4)

are included in all following analyses, to avoid measurements from obviously disturbed wind direc-
tions. The exclusion range (3.4) results in a wake region of 100° width. This is wider than the wake
region stated by |Link| (1966)) but narrower than the wake region mentioned by |Gill et al.| (1967). Any
time step where the wind direction in at least one height is outside this range will be omitted. It has
to be considered, however, that wind direction measurements in the wake region are influenced by
these disturbances themselves and no undisturbed wind direction measurements over the whole time

period are available. Even when comparing measurements from ultrasonic anemometers with Sodar
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Table 3.2: Description of the site’s surrounding characteristics. The wind direction range between
320° and 60° is excluded in this study due to disturbances of the mast structure on the measure-
ments from those directions (see s. [3.2). The estimated roughness length z is assessed based on the
surrounding characteristics and values given by [Stull (1988) and |Arya (2001).

distance from site zo from idealized

direction 500 m < 500m < 1000m estimations
60°—90° meadow lake scattered buildings 0.007m -0.2m
90°-120°  meadow gravel pit meadow 0.007m-1m
120°- 150° meadow gravel pit meadow 0.007m - 1m
150°-180° meadow, buildings allotment meadow, railway sidings 0.015m - 0.15m
180°-210° meadow, buildings allotment railway sidings 0.015m-0.15m
210°-240° meadow, buildings allotment railway sidings 0.015m -0.15m
240°-270° meadow, buildings industrial area industrial area 0.015m-0.5m
270°-300° meadow, buildings industrial area industrial area 0.015m-0.5m
300°-320° meadow, buildings industrial area industrial area 0.015m-0.5m

and Wind Lidar data, a deviation range of 4 10° is found (Heitmann, 2012} Sudmeyer, 2012). Nev-
ertheless, the error made by taking the wind direction measured by ultrasonic anemometers mounted
on the mast is assumed to be reasonably small and will therefore not be corrected. Likewise, the sup-
posed wind speed deviations have not been corrected in this thesis since it has not been possible to
distinguish the amount of deviation due to mast circulation from a systematic over- or underestimation

of wind speed measurements of other instruments.

3.3 Surroundings of the Wettermast Hamburg

The Wettermast Hamburg site is situated at the easterly outskirts of the city of Hamburg. The imme-
diate surroundings of the site are therefore not homogenous but are dominated by different roughness

elements, depending on distance from the mast and wind direction (Fig. [3.5).

The 12 m mast is located on a meadow and the immediate surrounding is relatively smooth and undis-
turbed. The tall mast is surrounded by operational buildings and trees of approximately 10 m height.
But as measurements at this mast are only conducted at 50 m or above, these obstacles are not expected
to influence the measurements considerably. The site is surrounded by allotment gardens (south), a
gravel pit (east and north) and industrial buildings (west). The more distant area around the measure-
ment site towards the west is characterized by industrial buildings and the city of Hamburg. East of the
site the terrain is mainly rural. Detailed descriptions of roughness characteristics of the surroundings

and roughness length estimated from studies in idealized conditions are given in Table
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Figure 3.5: Map of the location and surroundings of the Wettermast Hamburg. The wind di-
rection range between 320° and 60° is excluded in the analysis due to the disturbances of the
mast structure on the measurements from those directions (Sect. [3.2). Map source: OpenStreetMap
(http://www.openstreetmap.org).

The surroundings of the Wettermast Hamburg site are far from homogenous. It can therefore be ex-

pected that changes in surface characteristics result in formation of an [internal boundary layer (IBL)|
which could influence the wind profile. (2001) mentioned that the height of the h; that
develops behind a step change in surface roughness can be estimated in neutral stratification by:

L\ 08
hi=z02-c <> . (3.5)

20,2

20,2 1s the new surface roughness behind the step change. ¢ is an empirical constant, which is dependent
on the definition of height and which recommends to be 0.38. The distance from the step
change in surface roughness is x. The height of an [[BL] grows with increasing distance from the step
and is also larger with larger roughness lengths. According to (2001), little is known about the
shape of Equation (3.5)) for stable or unstable stratification. It can however be assumed, that the [BL]

top is higher at unstable and lower at stable stratification.

Equation (3.5) can be used to roughly estimate the vertical extent of the influence of changes in sur-
face roughness at the surroundings of the Wettermast Hamburg. For example, the meadow around

the 12m mast extends to approximately 200 m distance. With an assumed surface roughness of
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20,meadow = 0.007 m the vertical extent of the layer which is influenced by the smoother surface of
the meadow is 9.7 m. This corresponds with the lowest measuring height of wind speed used in this
study. Therefore, measurements in 10 m might represent another layer than those at larger heights in
some cases. The roughness length of the allotment gardens (distance approximately 500 m) south of
the site is estimated as 2o allotment = 0.15 m. Accordingly, the vertical extent of the layer, influenced by

the allotments is 37.5 m.

The two examples above show that the surroundings of the Wettermast Hamburg are not homoge-
neous and that effects due to changes in surface characteristics propagate to layers of varying heights.
However, data used in this study are averaged over a relatively large sample and the vertical extent
of possible are sure to vary over time due to changing stratification. Therefore, the effect is

considered to be small.

3.4 Data Availability and Wind Climatology

The Wettermast Hamburg facility is operated since 1963. The primary instrumentation was substituted
in the early 1990s and since 1995 continuous digital measurements are available. Beginning in 1995,

the instrumentation was constantly expanded and improved (Link, [1966; Briimmer et al., [2012).

For this study data from October 2000 until March 2012 are available. Unless indicated otherwise,
10-minute averages of all quantities are used. Since the instruments in 280 m height were installed
only in July 2010, this height is disregarded. This results in a total of 601 632 possible measurement
intervals. The number of available measurements in each height is shown in Figure [3.6] Since the
number of possible measurements fluctuates depending on the number of days in each month, the
number of available measurements is normalized with the maximum number of 10-minute intervals

in each month.

As can be seen in Figure [3.6] top, the number of available observations varies at each measurement
level. Some reasons for data gaps are maintenance at the measurement infrastructure, replacement of
instruments, maintenance on the radio tower itself, or stroke of lightning which causes power outage
at the tower. Since not all of these reasons occur at all measurement levels at the same time, this results
in a different number of available observations. Only complete profile measurements without missing
values are used. This results in a total of 523 531 (87%) wind profiles (Fig.[3.6] bottom). Furthermore,
any time step where the wind direction in one or more heights was in the disturbed wind direction
range 320° < dd < 60° is discarded as well, leaving 407 666 (68%) profiles. To ensure a minimum
of turbulent mixing in the only wind speeds >1ms~! are considered. 374 766 (62%) profiles

comply with this prerequisites and are available for this study.
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Figure 3.6: Data availability within observation period. Top: data availability at each height during
the time period used for this study. Bottom: data availability of profile measurements for increasingly
strict requirements: complete profiles; additionally, wind direction not within the disturbed sector;
additionally, wind speed larger than 1 ms~!. Since the number of possible measurements fluctuates
depending on the number of days in each month, the number of available measurements is normalized
with the maximum number of measurements.

As illustrated in Figure [3.7] the frequency of occurrence of wind direction and wind speed varies
at different heights. West and southeast are the two prevailing wind directions in all heights. Most
frequent wind directions are around west which is typical for a location in the mid-latitudes. The
second most frequent direction is southeast. The frequency of occurrence of those easterly winds
decreases with height, but even in 250 m winds from southeast are more frequent than those from east
or south. One possible explanation for the frequent occurrence of southeasterly winds would be local
effects like canalization within the valley of the river Elbe (Briimmer et al., 2012). However, the cause

of these southeasterly winds is still subject to ongoing research.

Overall, wind speeds increase with height due to the reduction of surface friction. In 10 m the wind
speed is mainly smaller than 5ms~! and some wind speeds are between 5 and 10ms~!. Wind speeds

! are considerably less frequent in larger heights. Small wind speeds (< 5ms™!)

smaller than Sms™
show, except for 10 m height, almost no direction dependency. Therefore, in contrast to high wind
speeds which predominantly occur at westerly directions, low wind speeds occur at all wind directions

with the same frequency. Larger wind speeds (> 10 m s~ ') are more frequent at 110 m and above. Even
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Figure 3.7: Frequency distribution of wind speed classes (colors) per 10°-wide wind direction sector

for the measuring heights 10 to 250 m. The gray area (heights 50 to 250 m) marks the sector which is
considered to be disturbed due to the main mast itself (Eq. @).
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Figure 3.8: Relative frequency distribution of wind speeds per wind direction during summer months
(JJA) exemplary for the heights 10, 110, and 250 m. Frequency of occurrence is normalized with
overall number of profiles from summer months. The gray area (heights 110 and 250 m) marks the
sector which is considered to be disturbed due to the main mast itself.
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Figure 3.9: Same as but for winter months (DJF). Frequency of occurrence is normalized with
overall number of profiles from winter months.

larger wind speeds (> 15 ms~!) also almost exclusively occur at westerly directions.

The increase of wind speed with height is also dominant when distinguishing between summer (June,
July, August, Fig. [3.8) and winter (December, January, February, Fig. [3.9) months. During summer
months westerly directions are more dominant (up to 7% per class), while wind from southeast is less
frequent with up to 4% in 10 m and even less in larger heights. High wind speeds are less frequent
in all heights than in the overall distribution (Fig. . Wind speeds > 15ms~! are only present at

westerly directions and no wind speeds above 20 ms~! occur.

During winter months easterly directions are more frequent than during summer. For smaller wind
speeds, i.e. < 5m s~ in 10 m, this is even the most frequent wind direction. In 110 m the most fre-
quent wind direction is again west (more than 8% of the data) with the highest wind speeds. East-
erly directions (approx. 6% per class) are second most frequent here. In 250 m west is the dominant
wind direction. The highest wind speeds (>20ms~!) only occur from westerly directions. High wind

speeds occur more often during winter than during summer months.
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Lange| (2001) and Briimmer et al.| (2012)) give an extended description of the climatology at the Wet-
termast Hamburg site covering the main climate variables (pressure, temperature, humidity, wind,
radiation, clouds, and precipitation). In this study it is stated that wind speed follows an annual cycle
where highest monthly wind speeds occur in January and lowest in August. This corresponds with the

observations above.

In this chapter, the measurement site Wettermast Hamburg is described and information to aid the

interpretation of measurement data are collected.

e The Wettermast Hamburg site is located at the easterly outskirts of Hamburg and consists of
a 305 m high main mast and a 12 m high secondary mast. In this study wind and temperature

observation from five measurement levels between 10 m and 250 m are used.

e The mast’s layout poses a challenge regarding the disturbance of the flow due to mast circu-
lation. The disturbed wind direction sector is identified by means of turbulence intensity. To
avoid the disturbances of observations by the mast’s structure, only the wind direction range

60° to 320° is used for further investigations.

e The location of the Wettermast Hamburg site at the easterly outskirts of Hamburg allows for
the analysis of the wind profile at different surface roughnesses depending on the wind direc-
tion. Overall, the terrain to the west of the site is mostly urban. To the east it is mainly rural.
However, since the surroundings are far from homogeneous, attention must be paid to those

inhomogeneities when interpreting results.

e Measurements at the Wettermast Hamburg during a time period from October 2000 until March
2012 are available for this study. Only measurements are used that comprise complete profiles
throughout the entire mast height. Additionally, the wind direction in all heights has to be out-
side the disturbed sector and the wind speed larger than 1 ms~!. 62% of the maximum possible

measurements comply with those prerequisites.

e The prevailing wind directions at the Wettermast Hamburg site are westerly directions with
overall higher wind speeds than from other directions. Southeasterly wind directions are sec-
ond most frequent. From this directions, however, mostly low wind speeds are present. Higher
wind speeds occur during winter than during summer. Also, most cases with southeasterly wind

direction occur during winter.
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Surface Roughness

The boundary layer wind profile is influenced by the surface roughness. Due to the drag of the air
flow over a rough surface turbulence is induced. This causes downward impulse flux which extracts

momentum from higher levels and thus influences the shape of the wind profile.

The Wettermast Hamburg is located in the transition area of the city of Hamburg and its rural sur-
roundings. This presents the unique opportunity to transfer the common methods of determining the
surface roughness from meteorological measurements at rather ideal locations to a site, where the

surface features are less homogeneous.

An overview of the common methodology for quantifying the surface roughness is given in Sec-
tion The friction velocity u, is a measure of impulse flux which is sensitive to surface friction. It
is derived from flux variance similarity in Sectiond.2] To quantify the surface roughness, the rough-
ness length z is calculated from wind profile measurements in Section 4.3|and the sensitivity on wind
speed of this results is assessed in Section[d.4] Eventually, modeled wind speeds from the approaches
of |Gryning et al.| (2007)) and Pefa et al. (2010) are compared to measurements at different surface

roughnesses in Section[d.5]

4.1 Methodology

In principle there are two main approaches to quantify the surface roughness around a measuring site:
the geometric method of determining the surface roughness by assessing the geometrical characteris-
tics of the roughness elements or micrometeorological method of calculating roughness parameters by
meteorological observations of wind or turbulence (Foken, [2006bj |(Grimmond and Okel [1999). The
geometric approach incorporates the estimation of values for the surface roughness by using general

data determined from wind tunnel measurements in idealized flows over simplified areas with rough-
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ness elements (Bechtel et al.l[2011)). The advantage of this approach is that no towers or environmental
measurements are needed to quantify the surface roughness. In case of the Wettermast Hamburg site
however, the surrounding surfaces are far from ideal or even homogeneous. Therefore, such methods
would only give a rough estimate and a micrometeorological method will be used. In micrometeoro-
logical methods, measurements of quantities in the lower boundary layer are used to quantify surface
roughness. An advantage of this approach is that the surface roughness can comprise a mix of different
roughness elements and no prior categorization is necessary. For this purpose, the roughness length zg
is used. It is defined as the height at which the wind speed vanishes (Eq. [2.6).

Several approaches for the determination of the roughness length from micrometeorological mea-
surements have been proposed in literature. In general, mainly three methods are used to obtain the
roughness length from measurements: analysis of gustiness, use of drag coefficient, and profile method
(Wieringal, [1993; |Verkaik and Holtslag, 2007).

Friction caused by surface roughness elements generates turbulence and the resulting gustiness of the
flow can be used to determine surface roughness. The gustiness is quantified by the standard deviation
of horizontal wind speed o,. The turbulence intensity I, = o, /u is the standard deviation of wind
speed, homogenized with average wind speed % to account for the fact that at higher wind speeds
larger variability of wind speed occurs. It can be related to roughness length zg by the approximation

(Lumley and Panofsky, [1964):
oy 1

7 In(z/z)

Here, 0, and u are taken at height z. Wieringa| (1993) states that for roughness length calculation at

I, = 4.1

10 m the fetch extends several kilometers in upwind direction. Therefore, roughness lengths derived

by this method represent more an spacial average than a local value.

From the logarithmic wind profile, the ratio of friction velocity and average wind speed can be used
to determine the roughness length. This ratio is the drag coefficient Cp = (u,/%)?. It relates to the

surface roughness as (Wieringa, [1992):

Cp = <ln(;zo)>2 . 4.2)

Here, k is the dimensionless Kdrmdn constant (commonly agreed upon to be 0.4, (Stull, [1988; |Aryal,
2001; [Etling, 2008). Since zo from this method is height dependent, |Wieringal (1992) states that the
drag coefficient is useful for estimating the surface roughness in numerical models at fixed levels, but

not as suitable for surface layer wind analysis.

Most often, the roughness length is determined from wind profile measurements (Foken, |[2006b)). |Arya
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(2001) and |Wieringa| (1993), for example, suggest to calculate zyp from wind profiles according to:

i(z) = Zln <Z> : (4.3)

K 20

Strictly speaking, Equation (#.3)) is only valid in the surface layer. [Fiedler and Panofsky| (1972) there-
fore proposed an effective roughness length zo . This is a measure of surface roughness in heteroge-
neous terrain for large scale characterization that can be calculated from profiles that extend above
the surface layer. They define the effective roughness length as the roughness length homogeneous
terrain would have to reproduce the correct momentum flux near ground. To derive zg from profile
measurements, they introduce an additional length scale that accounts for larger eddy size in higher

levels. The extended logarithmic wind profile in neutral stratification is then of the form:

U= Y n <Z> +Bz . 4.4)
K 20,

The additional constant in the second term is proposed as § = 144 f (f being the Coriolis parameter)

but Fiedler and Panofsky|found evidence that it could also be smaller. The derived effective roughness

length is often used in large scale modeling to represent the inhomogeneity of surface roughness in

grid cells (Hasager et al.| 2003} |Leclerc and Foken| 2014).

For neutral stratification vertical flux of horizontal momentum is not enhanced or diminished by buoy-
ancy effects (Wieringa, [1993)). It is therefore convenient to estimate the surface roughness from mea-
surements taken in a neutrally stratified surface layer where no additional stability correction is neces-
sary. Although several studies determined z( from profile measurements at diabatic conditions (Blatt,

2010; |Graf et al., 2014), in this thesis only profiles at neutral stratification are considered.

Dense placement of roughness elements often causes elevation of the wind field (Foken), | 2006bj |Graf
et al., 2014). In this case, it might be necessary to calculate a displacement height d. However, since
the surroundings of the Wettermast Hamburg are far from homogeneous and the individual roughness

elements are relatively scattered, this has been omitted in this thesis.

Several studies have been published that state typical roughness length values for varying surface
characteristics. Wieringal (1993) listed an extensive collection of the roughness lengths calculated
at different experiments and the methods used in these studies. The investigated surfaces range from
very smooth (flat snow field with zg between 0.0001 and 0.0007 m) to very rough conditions (regularly
built town with zg between 0.7 and 1.5 m). \Grimmond! (1998)) and |(Grimmond and Oke| (1999)) further
expanded the knowledge about the values of zy for different surfaces by analyzing inhomogeneous
terrain in large cities. They found z to vary between 0.3 m for residential areas and > 2 m for high-

rising urban core areas with multistory buildings.
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Verkaik and Holtslag|(2007) calculated the roughness length z( at the meteorological tower in Cabauw,
Netherlands, with the three methods mentioned above (gustiness analysis, wind profile, and drag coef-
ficient). All those methods produced different values. For some directions, the values varied between
1073 and 10~! m. The authors stated that the roughness length derived from gustiness analysis rep-
resents a superposition of local and distant surface roughnesses. The values of zg are often largest
when determined with this method. If the roughness length is determined from the drag coefficient,
it is found to represent more local characteristics than those from gustiness analysis. For the deter-
mination of zg from wind profiles |Verkaik and Holtslag|found that the results depended on the used
height interval. Therefore, the roughness lengths estimated from different methods can not necessar-
ily be compared directly. (Grimmond| (1998)), Frank et al.| (1999) and |[Hasager et al.| (2003)) also found
seasonal variability of the roughness length due to changing vegetation during summer and winter

months. It can therefore not be assumed that the value of z( is constant over time.

Surface conditions around the Wettermast Hamburg vary depending on the wind direction (Sect. [3.3).
To the east of the site the landscape is quite flat dominated by rural surroundings. In the west mainly
industrial buildings are present (see Figure [3.5). Therefore the roughness length has been calculated
for different wind directions.

4.2 Friction Velocity

As will be shown in Section [5.1] the quality of eddy covariance measurements at the Wettermast
Hamburg site is somewhat uncertain. Therefore, the friction velocity along with the Obukhov
length [[] (Eq. (2.3)) later on, is recalculated to avoid these eddy covariance measurements. Even if
the uncertainty of the eddy covariance measurements is not as obvious as for the Obukhov length, u,

should be recalculated to gain a coherent data set.

According to flux variance similarity, friction velocity and variance of wind speed are related. If the
variance of vertical wind speed o, is scaled with the friction velocity u, it is only a function of stability
parameter (z/L) in unstable stratification and constant in stable stratification (Arya, 2001; Blackadar,
1997). Several studies have been carried out to determine the exact relation between variability of
wind components and friction velocity. For unstable stratification the relation found is mainly of the
form o, /u. = a) (ax — a3 (z/L))l/ 3, where the constants a;_3 are empirically determined in these
studies. For stable conditions, the ratio of variance and friction velocity is deemed to be constant
O, /u. = b. The recommendations of those studies (Tab. and the resulting friction velocities vary
only slightly. In the course of this thesis, the formulations by Hicks| (1981) and |Sorbjan| (1987)) are
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Table 4.1: Flux variance relations for determining friction velocity u, from wind speed variances
proposed by different authors.

Study O, /u, unstable O, /1, stable
N\ 1/3

Panofsky and Dutton| (1984) 125 (1 - 3Z>
N 1/3

Panofsky et al.|(1977) 13 (1 - 3Z>

Blackadar| (1997) 1.3

] z 1/3
Hicks (1981) 1.25(1 _2Z>
Sorbjan| (1987) 1.5
1/3
Stulll (1988) 19 (%) V25

used to recalculate u, for further use, as described by the following equation:

_ 1.25(1—291/3 L<0 ws)

1.5 L>0

O

Uy

For this approach of calculating u,, the standard deviation of the vertical wind component G, is
needed. The native recording interval of o, at the Wettermast Hamburg is five minutes. To match
the averaging interval of the other wind profile measurements that are used throughout this work, the
measurements of ¢, have to be extended to the averaging interval of ten minutes. For this, instead of
simply averaging two five minute intervals, the variances between the two consecutive intervals need

to be accounted for as well. According to Lange|(2010), this can be achieved by:

o v . 1y i
n & n\ =
i=1 i=1
Here, o2 is the squared standard deviation of an arbitrary quantity, n is the number of consecutive
intervals to combine (in case of o, it is n = 2, for two five minute intervals), o; is the standard
deviation, and y; is the average of one shorter interval. After extending the five minute standard
deviation values of the vertical wind component to ten minute averages using Equation (4.6), the

friction velocity is calculated according to (4.5)).

The quality of recalculated friction velocity can be determined by utilizing the definition of drag

coefficient (Cp = (u,/)?). In neutral stratification friction velocity is proportional to wind speed with
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Figure 4.1: Comparison of friction velocity and wind speed in 10 m in neutral stratification. Shades
denote data density. Left: friction velocity from eddy covariance measurements. Right: friction veloc-
ity, recalculated with flux variance similarity.

the drag coefficient [Cp|as proportionality constant: u, = +/Cp - u (e.g. Etling, [2008). The correlation
coefficient r (see Appendix [A.2) between friction velocity u. and wind speed u is larger for better
agreement between these two quantities (Fig. d.1)). Between wind speed and friction velocity from
eddy covariance measurements is r = 0.75, while the correlation between wind speed and friction
velocity from flux variance similarity is » = 0.79. While this slight increase might not seem like a
big improvement, in combination with the improved calculation of the Obukhov length L (as will be

discussed in Sect.[5.1) this leads to a more reliable data set of turbulent flux measurements.

4.3 Estimation of the Roughness Length from Average Profiles

To appraise the measurements at the Wettermast Hamburg site, the roughness characteristics of the
surroundings are one essential quantity to consider. Therefore, as mentioned previously (Sect.[d.1)), the
roughness length is determined from wind profile measurements in this section. The roughness length
2o is calculated from comparison of measured profiles with the logarithmic wind profile for neutral
stratification. Additionally, an effective roughness length zg ¢ is derived from an extended, log-linear

wind profile to account for the changing shape of the profile at higher levels.

4.3.1 Roughness Length from Linear Wind Profiles

As a first estimate, the roughness length will be calculated from profile measurements by applying

the logarithmic wind profile. Only complete profiles (Sect. [3.4) in neutral stratification are considered
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for this analysis. If the temperature gradient between all used heights is |A8/Azl<0.005 K/m the
stratification is deemed to be neutral. Additionally only profiles are selected with downward impulse
flux (u, > 0.1ms~!). Smaller values indicate an unusual state of the boundary layer with upward
momentum transport. The wind speed has to be greater than 1 m s~'to ensure a reasonably well mixed

boundary layer.

For the roughness analysis all wind directions are sub-divided into 30°-wide sectors between 60° and
320°. The range between 320° and 60° is disregarded due to the disturbance of the flow by the mast’s
structure (Sect. [3.2). From 601 632 measurements conducted in the observation period, 69 726 (12%)

profiles remain that meet all the above mentioned requirements.

These remaining profiles are homogenized with the wind speed at the reference height u(zyer = 175m)
to eliminate the effect of different overlying large-scale wind speeds on the profiles at different times.
Zref=175m is chosen as a reasonable compromise between a measuring height that is high enough to

ensure a relatively undisturbed flow and low enough to very likely still lie within the surface layer.

Equation (4.3) then becomes:
4z _ o <Z> : (4.7)

<0

Here, c is a proportionality constant.

The shape of the resulting profiles varies depending on the wind direction (Fig.[d.2). In some directions
the wind profile at higher levels deviates from the logarithmic form quite a bit, whereas in other direc-
tions the profile is almost perfectly logarithmic. A least squares fit of the form f(x) = a; In(x/ay) is
performed to adapt Equation to the average profiles. Additionally, to asses the impact of the de-
viation from the logarithmic profile at higher levels, this fit is performed three times, using the lowest
three (10 to 110 m), lowest four (10 to 175 m), and all five (10 to 250 m) heights respectively.

As can be seen in the two exemplary wind direction sectors in Figure d.2] the profile deviates consid-
erably from the logarithmic law in south-easterly directions (180° —210°, Fig. 4.2] (a)). This in turn
leads to strong differences in the fitted profiles. In other directions, however, the average wind profile
seems to be mostly logarithmic (270° —300°, Fig.4.2](b)). These deviations from the logarithmic form
for some wind direction sectors cause a sensibility of the calculated roughness lengths to the number

of heights that are used.

The calculated roughness lengths from a least squares fit of the logarithmic profile to average
normalized wind profiles, considering three, four, and five heights, are listed in Table|.2] The resulting
roughness lengths are larger the more heights are considered. However, the impact of the varying
number of considered heights varies for different wind direction sectors. For 180°—210°, roughness
lengths range between 0.34 m for three heights and 0.82 m for all five heights. Hence, the difference
of roughness lengths is Azg = 0.47 m in this sector. The roughness length in the sector 270° —300°, on
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Figure 4.2: Averages of the normalized wind speed profiles (markers) for two exemplary 30°-wide
wind direction classes. The horizontal error bars denote the standard deviation of the measurements.
The lines represent the least squares fit of the logarithmic wind profile according to Equation (4.7)
with different number of heights considered: the lowest three heights (dashed line), lowest four heights
(dash-dotted line), and all five heights (solid line). Different height of error bar ends due to logarithmic
display.

the other hand, varies only slightly between 0.69 m and 0.72 m for varying number of heights. This
leads to a difference of roughness lengths of only Azg = 0.04 m. It can therefore not be concluded that
the inclusion of all five heights results in an increase of the roughness length in general. This behavior

depends on the wind direction.

Another indicator for the impact of the deviation from the logarithmic profile form is the value of
the for the three different fits. The is calculated for all levels, even those that are not
considered for the least squares fit. Therefore, it indicates the goodness of the fit to the entire profile.
If the measured wind profile is mostly logarithmic up to 250 m, the should be of the same
order, regardless of the number of included heights and even a fit with only the lowest three levels
considered should be a good estimator of the wind speed at higher levels. On the other hand, if the
profile deviates from the logarithmic form at higher levels, the should decrease, indicating a
poorer fit to the data if less levels are considered. For the direction sector 180° —210°, the
decreases by almost half from 0.079 for the three-height fit to 0.047 for the fit including all heights. In
wind directions 270° —300°, on the other hand, the is almost constant regardless of the number
of levels included (0.011 for three levels and 0.010 for all five levels).

From the above analysis it becomes quite clear that the estimated z( strongly depends on the height

of the topmost measurement considered for this analysis for some wind direction sectors. If only
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Table 4.2: Roughness length zy and [root mean square error] (RMSE) between fitted function and
normalized wind speed at different wind direction sectors between 60° and 320° for a least squares
fit of the logarithmic wind profile (Eq. (4.7)). zo is calculated using the lowest three, four, and all
five heights of the Wettermast Hamburg. The is calculated for all levels, regardless if they are
considered for the least squares fit. Azg is the difference of roughness lengths depending on how many
heights are used to derivate zg. N is the number of profiles that are included in the analysis. The wind
directions between 320° and 60° are disregarded due to disturbances of the mast structure.

60° —90° 90° -120°  120°-150° 150°-180° 180°—210°

10to 110m zop (m) 0.35 0.35 0.20 0.13 0.34
RMSE 0.053 0.033 0.022 0.067 0.079

10to175m zo(m) 0.49 0.44 0.23 0.23 0.55
RMSE 0.036 0.023 0.018 0.048 0.056

10to250m zp (m) 0.64 0.52 0.27 0.36 0.82
RMSE 0.030 0.020 0.016 0.042 0.047
Az 0.29 0.17 0.07 0.22 0.47
N 2295 4426 2290 2629 6543

210° —240° 240°-270° 270° -300° 300° -320°

10to 110m zo (m) 0.74 0.96 0.69 0.34
RMSE 0.053 0.025 0.011 0.029

10to 175m zop(m) 0.93 1.05 0.69 0.40
RMSE 0.036 0.018 0.010 0.022

10t0250m zo (m) 1.16 1.17 0.72 0.49
RMSE 0.030 0.015 0.010 0.017
Az 0.42 0.21 0.04 0.15

N 14699 19542 9931 2843
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the lowest three heights are used for the fit of the logarithmic profile and calculation of zg, those
values are much lower than those where all heights are considered. Additionally, this dependence on
the number of considered measuring heights in some cases even changes order of roughness values
for wind direction sectors: For example, zg is 0.20 m if calculated from the lowest three heights for
wind direction sector 120°—150° and 0.27 m if five heights are used. The roughness length for the
neighboring wind direction sector 150°—180°, on the other hand, is 0.13 m if calculated from the
lowest three heights and 0.36 m if all five heights are considered. As a result, if only the three lowest
heights are used, it would be deduced that in 150° —180° the roughness is higher than in the other
sector. Inversely, if all heights are considered, the higher surface roughness would be assigned to
120° —150°. This illustrates that the estimation of surface roughness by means of zg is not certain at
all. Even if in most direction sectors the order of roughness is consistent, for some directions this is

also dependent on the method of deriving zg.

Verkaik and Holtslag| (2007) compared different methods of estimating roughness length from mea-
surements at the 200 m high mast in Cabauw, Netherlands. They found as well that the roughness
length is larger if higher levels are considered. The roughness lengths range from 0.03 m to 0.15 m for
the same wind direction sector if different heights are considered. They attribute these discrepancies
to the formation of an [IBL]close to the mast. Hertwig| (2013)) analyzes the impact of various stability
thresholds and the number of measurement levels on the resulting roughness lengths for a 60° wide
wind direction sector at Wettermast Hamburg. However, the more measurement heights are consid-
ered for this analysis, the larger the calculated roughness length. This is attributed to different heights

of the surface layer.

One could assume that the over logarithmic increase of wind speed is caused by the lack of homogene-

ity in some directions and thus the existence offinternal boundary layers|(IBLs). These develop behind

step changes in surface roughness. According to Bradley| (1968) this kind of increase would occur at
rough to smooth transitions in the upstream surface characteristics. As described in Section the
only rough to smooth transition in the extremely influenced sector 180° —210° occurs in the immedi-
ate vicinity of the mast which would not lead to the development of an that reaches up to about
100 m at the mast.

Another possible explanation would be that the stratification is not purely neutral but slightly stable
which would increase the wind speed compared to the wind profile at neutral stratification. How-
ever, this cannot be confirmed when analyzing the temperature gradients closer. Even the temperature
gradients over the entire mast height and between intermediate heights are within the above defined
bounds |A6/Azl<0.005 K/m. Additionally, [Hertwig (2013) states that different stability thresholds
only marginally influence the results of the roughness length calculation at the Wettermast Hamburg.

Therefore, it cannot be concluded with certainty what causes the stronger than logarithmic increase

with height in some wind direction sectors. One remaining possible explanation is that the surface
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layer does not extend up to the highest measurement levels and those therefore lie above it. Without

means to determine the height of the surface layer, this can neither be confirmed nor disproved.

When comparing those calculated roughness lengths to the values given in literature (Sect. [3.3), the
deviation is quite large. In 240°—270° the calculated roughness lengths range between 0.96 m and
1.17 m, while literature states roughness lengths between 0.015 m and 0.5 m. In other directions, for
example 270° —300°, the values are in moderate agreement. Here, a roughness length up to approxi-
mately 0.5 m is expected from literature research and the calculated values range between 0.69 m and
0.72m.

To conclude, the calculation of roughness length from wind profiles measurements using the loga-
rithmic wind profile is highly sensitive to the number of levels used. The shape of the average wind
profile deviates from the theoretical logarithmic form in some wind direction sectors, while it is almost

perfectly logarithmic up to 250 m in other sectors.

4.3.2 Roughness Length from Log-Linear Wind Profiles

The above findings show that the calculation of zo from wind speed profiles has to be handled with
great care. The choice of the number and height of measurements can influence the results tremen-
dously, because in some cases it cannot be assumed that the wind profile is logarithmic throughout the
entire height of the mast. This leads to the assumption that, even though the averaged profiles have
been carefully selected with regards to neutral stratification, the strictly logarithmic form of the wind
profile has to be modified to derive zg from tall profiles. To account for the different shape of the
wind profile, a second, linear term is introduced into Equation (4.7)), as described in Section

m@:tm<z>+& . 4.8)

20,e

Here, zo. is the effective roughness length, which can be taken as an estimator of the roughness
length zq for tall profiles. |[Fiedler and Panofsky|(1972) proposed this approach of estimating the effec-
tive roughness length from wind profiles that extend to levels above the surface layer (Sect. by
expanding the length scale to account for larger eddies at higher levels.

Again, the profiles are homogenized with the wind speed in 175 m and a least squares fit of Equa-

tion (4.8)) to the average measured profiles is performed for each wind direction sector:

u(z) :qm<z>+qz. (4.9)

M(Zref) 20,e

Here, c1, 20, and c; are parameters that are determined during the fit (Tab. [4.3). The resulting profiles
(Fig. [4.3) match the average profiles better than before. The[RMSE]is one order of magnitude smaller
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Figure 4.3: Averages of the normalized wind speed profiles (dashed lines) for 30°-wide wind direction
classes. The solid line represents the least squares fit of the extended logarithmic wind profile accord-
ing to equation (#.8). The error bars denote the standard deviation. Wind directions between 320°
and 60° are excluded due to disturbances induced by the mast structure. The values of z¢ . indicate
the effective roughness length for each sector. Different height of error bar ends due to logarithmic
display.
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Table 4.3: Effective roughness length z¢ . and |root mean square errorl dRMSEI) between fitted function
and normalized wind speed at different wind direction sectors between 60° and 210° for a least squares
fit of a log-linear wind profile (Eq. (4.8)). The fit parameters ¢; and ¢ from this fit are given as well.
The wind directions between 320° and 60° are disregarded due to disturbances of the mast structure.

60° — 90° 90° -120°  120°-150° 150°-180° 180°-210°

200 (m)  0.14 0.21 0.12 0.01 0.06
RMSE 0.003 0.005 0.009 0.015 0.006
¢l 0.12 0.13 0.13 0.09 0.10
¢ 0.0009 0.0005 0.0004 0.0011 0.0013

210° —-240° 240°-270° 270°-300° 300° -320°

20, (M) 0.41 0.81 0.70 0.23
RMSE 0.002 0.006 0.010 0.006
1 0.14 0.17 0.18 0.14
2 0.0008 0.0004 0.0000 0.0005

than with the fit of Equation (4.7)) for almost all directions and its variation between the different wind
directions is much smaller (Tab. 4.3).

The calculated effective roughness lengths are now up to one order of magnitude smaller than those
in Section [4.3.1] and comply with the literature values much better. The highest values are found in
the westerly sectors (240° —270°: zo = 0.81 m and 270°—-300°: zp. = 0.70m), where the terrain is
dominated by the buildings of the industrial area. As stated in Table [3.2] roughness length values
between 0.015m and 0.5 m are estimated in those sectors. (Grimmond| (1998)) estimated roughness
lengths from wind profiles in particular for urban surroundings and they found values between 0.46 m

and 1.32 m for residential areas.

In Figure 4.4 effective roughness length zg e, roughness length zo from fit of the logarithmic profile
to all heights and the approximated maximum roughness from geometric estimations zo geom are il-
lustrated for all directions. The roughness lengths from wind profile measurements zo and zo . show
roughly the same characteristics with larger values in southwesterly to westerly directions. However,
Z0,c values are considerably smaller than zo values from traditional logarithmic wind profile estima-
tions. In southeasterly to southerly directions the roughness lengths are smallest. The roughness length
from geometric estimations zo geom 1n €asterly to southeasterly directions is higher than the calculated
values. Towards southwest to west, on the other hand, 2o geom Values are smaller than values from wind
profile measurements. The deviation is assumed to originate from the fact that roughness lengths from
geometric estimations are only a rough approximation of the surface roughnesses that impact the wind

profile at the Wettermast Hamburg.
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Figure 4.4: Comparison of roughness lengths at different sectors. zg is the roughness length calculated
from logarithmic wind profile fit to all measurement heights (Tab. f.2). zo is the effective rough-
ness length (Tab. @) 20,geom 18 the approximated maximum roughness from geometric estimations

(Tab. @)

The effective roughness lengths in easterly sectors (150°—180° and 180°-210°) are much lower
than the roughness lengths derived from the purely logarithmic fit (now 0.01 m and 0.06 m compared
to 0.36 m and 0.82 m from logarithmic fit, respectively). These values are the overall smallest ones,
which might seem surprising since the terrain in those directions is dominated by allotments with
bushes, trees, and even small houses. However, as stated by |Verkaik and Holtslag| (2007)), the calcula-
tion of roughness length from profile measurements is more of an average over a larger fetch area. In
neutral conditions the footprint extends to a distance of approximately ten times the measuring height
from the site. In case of measurements at the Wettermast Hamburg this would mean that the surface
characteristics up to 2.5 km apart from the mast influence the measured profile. Therefore, even if
the immediate surroundings of the sectors 150° —180° and 180° —210° are seemingly rough, the sur-
face characteristics farther away are again smoother (railway sidings), therefore these seemingly low

roughness lengths are not completely unreasonable.

As mentioned in Section {.1} zo is also subject so seasonal variations. Effective roughness length is
larger in westerly directions during summer (June, July, August) than during winter (December, Jan-
uary, February). In summer months z¢ ¢ values for wind directions between 240° and 320° are 0.93 m,
0.80m, and 0.24 m. This is slightly higher than the average over all seasons. During winter months
20, values decrease to 0.67 m, 0.57 m, and 0.20 m. This can be explained by the fact that most plants

have no foliage during this time. The annual variation of zo. in southeasterly directions, however,
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Figure 4.5: Ratio of linear and logarithmic term ¢ (Eq. (4.10)) for several evaluation heights and wind
direction sectors. Values are depicted at the center of their respective wind direction interval.

is quite surprising. Values are smaller during summer than during winter time. For wind directions
between 90° and 180°, zg ¢ values are 0.13 m, 0.12m, and 0.01 m during summer and 0.21 m, 0.23 m,
and 0.0.3 m, respectively. This reduction in surface roughness during summer cannot explained by
surface characteristics in these directions. One explanation would be possible changes in land use that
might have occurred in these wind direction sectors over the years. For example, the moderate hills
on the gravel pit area are not stationary but change location every so often. To fathom this effect, the
temporal evolution of effective roughness length should be evaluated. In this thesis, values of effective

roughness length over all years and all seasons are used to characterize surface roughness.

As stated in Section4.3.1] the measured wind profile deviates from the logarithmic wind profile only
for some sectors. This can be quantified by evaluating Equation (4.9) at the height zey, and calculating

the ratio ¢ between the linear and logarithmic term of this equation:

C2 * Zeval

= 4.10)
1 c1ln (Zeval/ZO,e)

Generally, the ratio ¢ is small if the profile is approximately logarithmic and the linear term therefore

is close to zero. The more dominant the linear term becomes, the larger g gets (Fig. [4.5).

What has been concluded from the shortcomings of the previous, logarithmic fit can now be quantified:
in sector 270°—300° the linear term of only is gy70° _300° = 0.4% of the logarithmic term in
110 m. In the levels above and below, the linear term is relatively unimportant, as well. This indicates
that the average wind profile from those directions is logarithmic throughout the entire height. The
sectors 150° —180° and 180° —210° show the strongest influence of the linear term with gjsg°_ 180 =
15.0% and qi80°_210° = 18.7% in 110 m. The linear term becomes even more important at higher
levels (qi50°—180° = 34.1% and qigp°_210c0 = 41.7% in 250 m.). Even in 50 m the linear term is still

more dominant than in other directions. However, it is smaller than in the heights above. This indicates
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that the wind profile in those directions deviates strongly from the logarithmic form. In the remaining
sectors the profile is mostly logarithmic with a linear influence of 11% or less in 110m and 25%
or less in 250 m. The linear term becomes increasingly important at higher levels in all directions.
Therefore, the linear portion of the profile should not be neglected in general when using profiles
that extend above 110 m. However, if the measured profile is almost logarithmic, as in wind direction
sector 270° —300°, the linear term of Equation (4.9) is small and does not induce large deviations from

the ideal logarithmic profile.

Fiedler and Panofsky| (1972)) propose the coefficient 8 in Equation to be 144 f (= 0.0168 in case
of Wettermast Hamburg, f is the coriolis parameter), but mention that the values could be smaller as
well. In comparison with the fit parameters above it is found that those are a little smaller than the
values proposed by [Fiedler and Panofsky| (0.0107 for 180°—-210°, less in other sectors). Therefore,
the fit parameters found in this study are in good agreement with the findings of [Fiedler and Panofsky
(1972).

In summary, the roughness length can be determined from average wind profiles. Sometimes, the
situation at a site or aim of the analysis requires measured wind profiles that extend above 110 m.
In these cases, however, it is necessary to expand the logarithmic wind profile to include a linear
term. This term then accounts for a stronger increase of the wind speed at upper levels. The effective
roughness lengths that are derived from log-linear fits are in good agreement with the values found in

literature.

4.4 Sensitivity of Roughness Length Derivation on Wind Speed

In the previous section the effective roughness length z¢ ¢ is derived from log-linear wind profiles. The
footprint of zo . generally depends on measuring height and stability. Therefore, the derived values of
20,e should not vary with wind speed. To verify this, the ratio g of linear and logarithmic term and the

roughness length are analyzed in regard to wind speed.

4.4.1 Ratio of Linear and Logarithmic Term

The ratio g of linear and logarithmic term (Eq. (4.10)) can be utilized to estimate the effect of the wind
speed on the wind profile shape. For this purpose, the wind profiles are further classified according
to the wind speed in 10 m. Only categories are analyzed that consist of 30 or more profiles. In most
directions, ¢ and therefore the shape of the wind profile is more or less constant with increasing wind
speed. In some directions, however, the ratio and thus the influence of the linear term decreases with

increasing wind speed (Fig. .6 top for zeya = 110 m).
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Figure 4.6: Sensitivity of roughness length derivation on minimum wind speed. Top: ratio g be-
tween linear and logarithmic term according to Equation (#.10) in 110 m. Bottom: resulting roughness
lengths zo . with regard to minimum wind speed. Values are depicted at the center of their respective
wind direction interval. Only categories are analyzed that consist of 30 or more profiles.

The directions that stand out in this analysis are 150°—180°, 180°—210°, and 210° —240°. Here, the
impact of the linear term is largest at small wind speeds and decreases with increasing wind speed.
At lower wind speeds the linear term in sector 180° —210° accounts for more than 50% of the profile.
This value decreases rapidly with increasing wind speed, but only at higher speeds of 7-8 ms~! does
this ratio reach about 10%. This indicates that at small wind speeds, the average wind profile is less
logarithmic but approaches this shape more and more at higher wind speeds. In all other directions the
shape of the wind profile is more or less constant with increasing wind speed. The least variance of ¢
with wind speed occurs in sector 270° —300°. Here, even at 1-2m s~ ! wind speed the linear term is
less than 10% of the logarithmic term. This ratio decreases slightly until it becomes negative for wind
speeds of S-6ms~! indicating that the linear term of Equation actually reduces the wind speed

compared to the logarithmic profile.
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As already discussed in previous sections, the wind profile in sector 180° —210° deviates the most
from the logarithmic shape. Interestingly, if only wind profiles in this sector are considered with wind
speeds larger than 4ms~!, the deviation from the logarithmic shape is of the same order as for other
wind direction sectors. At high wind speeds the turbulent mixing is stronger which can lead to a larger
vertical extent of the surface layer. As suggested in the end of Section 4.3.1] the fact that the surface
layer does not extend up to the higher measurement levels might cause the stronger deviation from the
logarithmic profile. Inversely, the thicker surface layer at large wind speeds can therefore result in the
better agreement of the measured wind profile with the logarithmic profile. The wind profile in sector
270° —300°, on the other hand, can be considered as mostly logarithmic throughout the entire height
as shown in Sections [4.3.1] and 4.3.2] In this case, the shape of the profile does not change much
regardless of the minimum wind speed. This indicates that the Wettermast Hamburg is completely

submerged in the surface layer for these wind directions regardless of wind speed.

4.4.2 Roughness Length

One parameter that results from the least squares fit to the average wind profiles in Equation (4.9) is
the effective roughness length zo .. As before, the resulting effective roughness length can be analyzed
for wind speed dependency in each wind direction sector (Fig. .6 bottom). Overall, the roughness
length 7o is fairly constant with wind speed, as is ideally expected. A slight increase of zp . can be
found between the wind speed categories 1-2ms~! and 2-3 ms~! for several wind direction sectors.

This indicates that the surface layer might not be sufficiently mixed at smaller wind speeds.

20,c decreases considerably in two wind direction sectors. For wind directions 90° —120° and wind
speeds larger than 3 ms~! decreases 20,e from values around 0.3 m to less than 0.1 m Similarly, in
directions 300° —320° the roughness length decreases slightly for higher wind speeds. Up to now, this

effect can not be explained.

As shown in the previous section, the linear term is most dominant in the sectors 150° —180° and
180°—-210° at small wind speeds and decreases considerably with increasing wind speed. Interest-
ingly, the roughness length is almost constant or increases only slightly with wind speed in these sec-
tors. This indicates that, although the shape of the wind profile changes with increasing wind speed,

the roughness length calculated from those profiles is not influenced by varying wind speeds.

4.5 Modeling the Wind Profile at Different Surface Roughnesses

The model approaches by |Gryning et al.|(2007) and Pena et al.[(2010) (Sect. allow the estimation
of the wind profile in the surface layer and above from measurements that are taken at or close to the
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surface: roughness length zp, friction velocity u, from 10 m measurements, and the Obukhov length L
evaluated at S0m (cf. Sect.[2.3). These suggested models are evaluated with measurements from the
Wettermast Hamburg with regard to varying surface roughness zo at neutral stratification. The input
parameters u., L (see Sect.[5.1)), and zo . are determined at every available time step and a wind profile

between 1 m and 300 m is calculated from both models.

The measurement profiles are sorted according to the roughness length that was determined in the
previous section (see. Tab. [4.3). The surface roughness is categorized into four roughness classes:
smooth surfaces with zg < 0.2 m, moderate roughness with 0.2 m < zy < 0.4 m, rough surfaces with
0.4m < zp < 0.6 m, and extreme roughness with zp > 0.6 m. To eliminate possible effects of atmo-

spheric stratification, only cases with neutral stratification are considered.

At the Wettermast Hamburg site the largest surface roughness can be found at westerly directions
(20,240°—270° = 0.81 m and z270°-300c = 0.70 m). Those wind direction sectors are also the ones with
the overall highest wind speeds (Fig.[3.7). In this case, a direct comparison of wind profiles at differ-
ent surface roughnesses is not appropriate. Therefore, the measured wind speed is normalized with
wind speed in 250 m. In contrast to the homogenization of the wind speed in Section [4.3] here it is
not desirable that the reference height is part of the surface layer but that the reference height is as
undisturbed by the surface as possible. Therefore, the highest measurement level available has been

used.

The observed wind speed ratio u(z) /uzsom (Fig. left) in 10 m is higher at low surface roughnesses
(z0,e < 0.4 m). With higher surface roughnesses (zo e > 0.4 m), on the other hand, the wind speed ratio
is smaller. However, these distinct differences are also only partially present in 10 m measuring height.

Already at 50 m the profiles no longer are sorted according to surface roughness.

The modeled wind profiles (Fig. right) show the same basic shape as the measurements. However,
the measured wind speed seems to increase stronger with height than the modeled one. The modeled
wind speed is lowest for the category with the highest surface roughness (z9 > 0.6 m). Between the
two medium roughness categories (0.2m < zp < 0.4m and 0.4m < zg < 0.6m) there is not much
difference in modeled wind speed in lower levels (< 50m). Above 50 m the predicted wind speeds
are higher for the rougher category 0.4m < zop < 0.6m than for the smoother category 0.2m <
zo < 0.4 m. The overall highest wind speeds are predicted for the smoothest category with zg < 0.2m.

To quantify the deviations between the predicted wind profiles and the measurements, the RMSE|
and the average bias are calculated (Fig.[4.8). The bias is calculated by subtracting the measured wind
speed from the estimated wind speed ues — Umeas- Thus, negative bias values indicate that the predicted
wind speed is smaller than the measured one, i.e. the model is underestimating the wind speed. To
account for the effect that at higher average wind speeds also the errors can be larger, and bias
are normalized with the average wind speed in each height.
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Figure 4.7: Measured and modeled wind profile at different surface roughnesses (colors). Left: av-
erage measured wind speed normalized with wind speed in 250 m. Right, comparison of measured
(circles) and modeled wind speeds using the approach of |Gryning et al.| (2007) (solid lines) and |Pefia
et al.| (2010) (dashed lines).

The RMSE] of wind speeds estimated by the model of |Gryning et al.| (2007) (Fig. #.8p) is smallest
(around 20%) in lower levels (10 m and 50 m) for medium surface roughnesses (0.2m < zg < 0.4m
and 0.4m < zp < 0.6 m). Comparatively large errors (more than 40%) can be found in the lowest
roughness category (zo < 0.2m) in those levels. Overall, the errors increase towards higher levels
(above 110 m) and are almost of the same order in all categories in 250 m. The category with the
largest errors throughout the entire profile is zp > 0.6 m. The estimated wind profiles at moderate
surface roughnesses are in good agreement with the measurements in lower levels. Towards higher
levels the errors are slightly larger. In case of more extreme values of surface roughness, the estimated
wind profiles deviate more from the measurements. While the error decreases from more than 40% to
about 25% with height for the smoothest roughness category (zo < 0.2 m), it is almost constant with

height for the roughest category (around 0.3 for zg > 0.6 m).

The model of |Gryning et al.| (2007) overestimates wind speed for low surface roughnesses (zo < 0.2 m)
in all heights. However, this deviation decreases with height from 25% to almost zero at 250 m in this
category. In all other categories an underestimation of wind speed by 10 to 25% can be found which
is almost constant with height (see Fig.[4.8b).
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Figure 4.8: Error estimates of model results from comparison with measurements. Top row: the ap-
proach proposed by |Gryning et al.| (2007)), bottom row: the approach proposed by |Pena et al.| (2010).

The normalized RMSE]is depicted in the left column, the normalized average bias in the right column.
The bias is calculated by: test — Umeas-

When evaluating the wind speed estimated with the Pefa et al.| (2010) approach, the (Fig.[4.8)
overall shows characteristics similar to the |(Gryning et al.| (2007) model. The errors of the roughest
category (zo > 0.6 m) are smaller above 50 m (around 25-30%, compared to 28-32%). The RMSE] of
the smoothest category, on the other hand, is of the same order in lower levels but slightly higher than
that of the |Gryning et al.| (2007) approach above 110 m (25-27%, compared to 24-26% before). As
can be deducted from the bias between the measured wind speed and the wind speed estimated by the
Pefia et al.| (2010) model (Fig. 4.8d), the wind speed is underestimated for most categories and only
overestimated if the surface roughness is small (zo < 0.2m). Overall, no considerable improvement
of the |Peia et al.|(2010) model over the Gryning et al.[|(2007) model can be found.

After evaluating the wind profile models in this section, the impact of recalculating u. (Sect. can

be assessed by means of the model error estimates. In the previous section, u, has been recalculated
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Figure 4.9: Comparison of input parameters for Gryning et al.[(2007) model. Different u, values are
compared at neutral stratification. Remaining input parameters are identical. Left: normalized RMSE|
in %, right: normalized bias in %.

using flux variance similarity. There, the comparison between u, and wind speed measurements only

shows slight improvement of agreement.

In Figure [4.9] the model by [Gryning et al|(2007) is evaluated for different u, input parameters for
all stratifications. The remaining input parameters zo and L are identical in both runs. In this case,
the impact of varying friction velocities can be assessed. In this evaluation of error estimates of the
models, it is obvious that the recalculation of u, reduces the by about two percentage points
and the bias by approximately twelve. In comparison with the errors found above (Fig. .8)), this is
a considerable effect since the RMSE] in the roughness category 0.2m < zp < 0.4 m only ranges
between 18 and 23%. These errors would have been larger, if u, from eddy covariance measurements
was used. Results are similar when comparing u, input parameters with the |Pefa et al.|(2010) model.
In conclusion, it can be stated that the determination of u, by means of flux variance similarity is
superior to the eddy covariance measurements in case of the data set at hand. Friction velocity from
flux variance similarity improves the wind profile estimations by the models of |Gryning et al.| (2007)
and |Pena et al.| (2010).

In conclusion, this chapter addresses the estimation of surface roughness in terms of the roughness
length. Additionally, the measured wind profiles at varying roughnesses are compared to the estimated
wind speeds from models.

e Friction velocity is derived from flux variance similarity. The drag coefficient Cp = (u./%)?
links friction velocity and wind speed by a proportionality constant. This is used to examine the
derived friction velocity. The calculated values are in good agreement with the measured wind

speeds.
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e The roughness length zq is estimated by comparison of wind profile measurements with the
logarithmic wind profile. This method is highly sensitive to the heights used for this analysis.
Interestingly, this effect only occurs for some wind directions while at others, the logarithmic

wind profile is a very good description of the measured wind profile in neutral stratification.

e To reduce the sensitivity to the number of levels of the determination of roughness length from
profile measurements a linear term is introduced into the wind profile. This extension leads to
the effective roughness length zo .. The derived values are in good agreement with previous
studies. It is advisable to use zo ¢ for sites with inhomogeneous surroundings and with measure-

ments from tall masts.

e The ratio of linear and logarithmic portion in the log-linear wind profile is sensitive to wind
speed in some directions. With increase of wind speed, the importance of the linear term de-
creases. But only at wind speeds larger than 5ms~! is the linear term 15% or less in magnitude
compared with the logarithmic portion of the wind profile. The effective roughness length is in

general insensitive to wind speed.

e The model approaches of |Gryning et al.| (2007) and [Pefa et al.| (2010) are validated with mea-
sured wind profiles at neutral stratification. Both models underestimate the wind speed at the
Wettermast Hamburg by 5-25% in most cases. Only for small roughness length is wind speed
overestimated by both models. No considerable improvement of the |[Penia et al. (2010) model

over the (Gryning et al.[|(2007) model can be found.






5

Stratification of the Boundary Layer

As described in Section[2.2.1] the stratification of the boundary layer influences the shape of the wind
profile. Strong inversions during stable stratification can inhibit the vertical exchange and result in a

very shallow boundary layer, whereas instability enables convection and thus vertical mixing.

One measure to characterize atmospheric stratification is the Obukhov length L. Different ways of
determining values of L are described and evaluated in Section To assess possible limitations of
the wind profile models by |Gryning et al.| (2007)) and [Pena et al.| (2010), the impact of L as an input

parameter for these models on wind speed estimations is evaluated in Section

To be able to interpret the wind profile’s dependency on atmospheric stability, knowledge of the char-
acteristics of the atmospheric stratification at the Wettermast Hamburg site is necessary. These are
described in Section [5.3]in terms of potential temperature gradients. Here, both the temperature gra-
dients near the ground (10 m to 110 m) and the combined distribution of the temperature gradients in
the two layers (10m to 110m and 110 m to 250 m) are analyzed. The common approach to account
for atmospheric stability in wind profile estimations is to evaluate the stratification in the lowest layer
of the atmosphere. However, the analysis of the wind profile in this work not only focuses on the lev-
els close to the ground, but also considers wind speeds at the heights of potential future hub heights,
above 100m and up to 250 m. Therefore, the atmospheric stability in this upper layer will also be

evaluated.

To assess the impact of atmospheric stability on wind profiles, observed wind profiles at different
stability categories are characterized in Section This analysis is conducted for wind profiles at
uniform stratification throughout the entire mast height. In addition, it is investigated how large the

impact variations of lower or upper layer stability is on the wind profile.

It is usually desired to estimate wind profiles from measurements close to the surface. Two mixing
length models (Gryning et al| (2007); Pena et al| (2010), see Sect. [2.3)) have been proposed previ-
ously for this estimation. To test the model performance at different atmospheric stratifications, the
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model estimates of wind speed at varying stabilities are compared to measurements at the Wettermast
Hamburg site in Section[5.5]

5.1 Obukhov Length

The Obukhov length is a widely used stability parameter (c.f. Sect. [2.2)). It incorporates shear and
buoyancy effects. It is defined in [Stull| (1988)) as

(5.1

Here, 0 is the mean potential temperature, E] is the dimensionless Karman constant, @ the acceleration

of gravity, [u,|the friction velocity, and w'8’ is the turbulent vertical transport of sensible heat which

proportional to the turbulent sensible heat flux (H = pc,w’0’; p is the density of air, ¢, is specific heat

at constant pressure).

At measurement heights z close to the surface (z < |L|), shear effects dominate over buoyancy effects.
On the other hand, at heights z > |L|, turbulence due to buoyancy becomes more influential than
shear-induced turbulence. @ and ultimately the stability parameter { = z/L give an estimate of the
ratio between buoyancy and shear effects in the lower boundary layer. In the unstable boundary layer,
the turbulent sensible heat flux is directed upward and therefore positive. This results in { < 0. In

stably stratified boundary layers with downward heat flux is § > 0.

The Obukhov length can be directly determined by eddy covariance measurements. To this end, fluc-
tuations of vertical and horizontal wind speed (w’ and #’ in case of turbulent flux of momentum) or
fluctuations of vertical wind speed and temperature (w' and 6’ in case of turbulent flux of sensible

heat) are measured with ultrasonic anemometers at sufficiently high sampling frequency. The prod-

uct of these fluctuations is averaged to covariances of these fluctuations (w's/ and w'6’ respectively).
The suitable averaging interval, strictly speaking, depends on atmospheric stratification. However,
Foken| (2006b) points out that at averaging intervals of 30 minutes the error should be reasonably
small. |[Foken| further mentions that the eddy covariance method produces best results if conditions are
horizontally homogeneous, stationary and no obstacles disturb the flow which could lead to internal
boundary layers. From these considerations some sources of uncertainty in eddy covariance calcu-
lations at the Wettermast Hamburg become apparent. The surroundings around the site are far from
homogeneous (Sect. [3.3). Additionally, the averaging interval for operational calculation of turbulent
fluxes at the Wettermast Hamburg site is typically shorter than 30 minutes. Schmidt| (2012) confirms
the dependency of calculated values of turbulent fluxes at the Wettermast Hamburg on averaging in-

terval. These limitations have to be kept in mind when interpreting eddy covariance measurements.
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Figure 5.1: Frequency of occurrence of stability categories. { = z/L at 50 m versus AB /Az between
70m and 10m. Left: { with Obukhov length from eddy covariance measurements; right: { with
Obukhov length derived from the gradient Richardson number. The thresholds for the neutral cate-
gories are set to [§| > 0.01 and |[A8 /Az| > 0.001 K/m.

Another measure for atmospheric stratification is the gradient of potential temperature A8 /Az. Al-
though both stability parameters cannot be directly converted into each other, it is expected that clas-
sification by both parameters generally are consistent. If, for example, the state of the boundary layer
is classified as unstable by one parameter, it should also be assessed as unstable by the other. To as-
sess the consistency between the stability parameters { and the temperature gradient, simultaneous
measurements are evaluated regarding their stratification information. This information is catego-
rized into three stability classes: unstable (§ < —0.01, A6 /Az < —0.001 K/m), neutral (|| < 0.01,
|AB/Az| < 0.001 K/m), and stable (§ > 0.01, A6 /Az > 0.001 K/m). Since in nature no distinct bound-
aries exist between stability categories, these thresholds are chosen somewhat arbitrarily. However,
they are in the order of magnitude of values commonly used for stability categorization (Mohan and
Siddiquil, (1998} [Pena et al., 2010).

As can be seen in Figure [5.1] (left), the deviation from consistent stability classification from those
two quantities is quite large. The exact values in each category, however, depend on the thresholds
used to determine the stability class. Therefore, deviations by one stability category might occur due
to the values of those particular category thresholds. In 54.8% of the cases (25.5% both unstable,
0.8% both neutral, an 28.5% both stable) the determined stability categories coincide. In 23.3% the
stability categories deviate by one. Those cannot be interpreted with certainty. However, in 21.9% of
the cases the stratification according to Obukhov length is unstable and the stratification according to

temperature gradient is stable or vice versa. Those deviations can be regarded as real deviations.
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Since the stratification is determined considerably different by those two stability parameters, the
Obukhov length|[[]is recomputed using the gradient Richardson Number [Ri}

890 (u)"
Ri= 09z <8z> . (5.2)

To calculate the gradient Richardson number Ri from measurements, knowledge of gradients of the
temperature profile and the wind profile are required. As suggested by [Businger et al.| (1971)), second
order polynomials are fitted to measured potential temperature and wind speed profiles and gradients

at the evaluation height zey, = 50m are determined from the first derivative of the fitted function.

The relation between gradient Richardson number [Ri]and Obukhov length [[] at the height z can then
be described by (Golder, [1972} Irwin and Binkowski, |1981}; |Arya, [2001])):

Ri Ri<O0
Ri (5.3)
< Ri 2=Ri
—sRi 0 <Ri<0.2=Ri,

e

Values larger than the critical Richardson number of Ri. = 0.2 have been discarded, as those indicate
a state of the boundary layer, where the stable stratification inhibits turbulent mixing and the flow can

be considered as laminar (Foken, 2006b)).

The stability parameter L derived from the Richardson number (Fig. [5.1] right) is in much better
agreement with the temperature gradient. Overall, 88.5% of the data result in coinciding stability cat-
egories, in 8.4% of the cases the two stability parameters deviate from one another by one category
and in only 3% of the cases they deviate completely. As mentioned before, the absolute values of
cases in each category depend on the chosen thresholds. Naturally, if thresholds for neutral stratifica-
tion were relatively wide, almost all cases would fall in the neutral category and inevitably coincide.
However, the deviation of stability categories still occurs if thresholds are twice or half as large and

the improvement of L due to calculation from Richardson number still is present (not shown).

During the derivation of the Obukhov length as described above, the number of available profiles
is further reduced (c.f. Sect. [3.4), since complete temperature profiles are necessary (in addition to
complete wind profile measurements) and also due to the requirement of Equation (5.3)) that Ri < Ri.
Therefore, additional 54 807 profiles have to be omitted. This leads to a total of 319959 (53% of the
maximum possible measurements) data sets from the time period between October 2000 and March
2012. Before this reduction, 374 766 (62% of the maximum possible measurements) complete profiles

were available.

It can be concluded that the Obukhov length that is derived by means of the Richardson number is in
much better agreement with the stability derived from temperature gradients than the Obukhov length

from eddy covariance measurements. Therefore, the newly derived Obukhov length will be used as
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input parameter for the models of (Gryning et al.| (2007) and |Pena et al.| (2010) and it will be used to

categorize measured stratification for comparisons of the wind profile with model results.

5.2 Model Sensitivity

When estimating the wind speed profile with the equations proposed by (Gryning et al.|(2007)) or Pena
et al.| (2010), one has to keep in mind that these equations might comprise some limitations. Therefore,

the relevant equations will be revisited in this section and their limitations will be assessed.

For stable cases wind speed in the |Gryning et al.| (2007 model is determined by:

u(z) 1 z z z z z z .
= |In(=)+bp2(1-=2 )+ -= (2.13|revisited
o K { (Zo) L ( 22i> LvBL  zi <2LMBL>] )

In very stable cases, which is equivalent to very small positive values of L, the length scale LypL

(c.f. Eq. (2.11))) becomes very large and consequently the third and fourth summand of Equation (2.13)
are small. The second term inside the brackets in becomes very large and is therefore dominant.
This results in very high predicted wind speeds that are much larger than the measured wind speeds
in those cases (Fig. top left). Since the basic structure of the equations proposed by Pena et al.
(2010)) is similar, the same holds true for the respective wind speed determination of this model:

A= () 42 (12 ) Y2 (Y 2 argprevisited)
nz) = K 20 L 27 d\n 1+d/) zi \n Zi evistie

Here, in very stable cases with very small positive values of L, the second term of the sum gets very
large as well. This again results in very high predicted wind speeds (Fig. top right). Since the
length scale 1 in this model is not as influenced by small values of L, the effect is smaller in this
model than in the (Gryning et al.[(2007) model.

To test the boundary values for stability which can be used in equations (2.12) — (2.14) and (2.18)) -

(2.20), limits of L have been tested and estimated wind speeds have been compared with measured

wind speeds (Fig.[5.2] exemplarily for 110 m measuring height). When including almost all values of
the Obukhov length (|L| > 1 m) for wind speed prediction (Fig. , modeled wind speeds reach val-
ues of up to 300 m s~ !. In case of wind speed estimated by means of the model by (Gryning et al. (2007)
in 110 m, 4024 values (2.1% of the data) can be assessed as too high. Wind speeds are deemed as too
high if the measured wind speed is below 10ms~! and the modeled wind speed exceeds 15ms~".
These values are chosen arbitrarily. However, as can be seen in Figure they identify the extreme
wind speed values well. In case of the model proposed by [Pefia et al.[|(2010), 2908 cases (1.5% of the

data) are assessed as too high. When reducing the included Obukhov length data to the limits that are
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Figure 5.2: Comparison of measured and modeled wind speeds at 110 m height for different limits of
the Obukhov length L and for both model approaches. Left column: model by (Gryning et al.| (2007),
right column: model by [Pefia et al.[(2010). Top row: |L| > 1 m as limit for included Obukhov lengths,
middle row: L > 10m and L < —50 m as limit for L, bottom row: |L| > 50 m.
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suggested by [Pena et al.|(2010) L > 10m or L < —50 m (Fig. middle row), the effect of too high
estimated wind speeds is smaller. However, some values are still out of line. The number of values that
are assessed as too high in the|Gryning et al.| (2007) wind speed estimation is reduced approximately
by half (now: 2235 cases, 1.2% of the data, again in 110 m), but has no effect on the |Pefia et al.| (2010
wind speed estimates. When adjusting the stability input parameter boundaries further to |L| > 50 m,
only 0.07% of the (Gryning et al.| (2007)) wind speed estimates and 0.2% of the |Pefa et al.|(2010) wind
speed estimates could be assessed as too high (Fig. bottom row).

One could argue that the original number of profiles in which the wind speed is considerably overesti-
mated, is not very large (2.1% for the Gryning et al.|(2007) model and 1.5% for the |Pefia et al.|(2010)
model). However, this overestimation is only an issue in very stable stratification. In this stratification
category the sample size is already relatively small to begin with. Therefore, even those seemingly
few cases, in which the wind speed is extremely overestimated, have an impact on the results in those

stability category and should be avoided.

Based on the analysis in this section it can be concluded that the Obukhov length used for the wind
speed estimation in either model should comply |L| > 50 m. This has been implied by |Gryning et al.
(2007), by only using L > 50m or L < —100 m in their analysis of the Hamburg data, but is not stated
explicitly. |Pefia et al.| (2010) however, use stability categories with 10m < L < 50m as very stable
and —100m < L < —50m as very unstable stratification. At least for the Wettermast Hamburg data,
values of 10 m < L seem to be too low, which can result in an overestimation of wind speed by the

two models.

5.3 Atmospheric Stability at the Wettermast Hamburg Site

To assess the stratification characteristics of the observed layers at the Wettermast Hamburg, gradients
of potential temperature between two measuring heights are used:
A6 6 -0
av (Zz) (Zl) ) (5.4)
Az 2211
The temperature gradients are calculated for two layers: the lower layer (using z; = 10m and z; =
110 m) and the upper layer (using z; = 110 m and zo = 250 m). The resulting temperature gradients are
classified into seven categories according toMohan and Siddiqui| (1998)) (cf. Table[5.T)): very unstable

(vu), unstable (u), near unstable (nu), neutral (n), near stable (ns), stable (s), and very stable (vs).

It has to be kept in mind that those classifications of stability are still somewhat arbitrary. It is therefore

essential to allow for some inaccuracies in the categorization. For example, a temperature gradient of
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Table 5.1: Stability parameter limits for temperature gradients A6 /Az and Obukhov length L. The lim-
its are based on |[Mohan and Siddiqui (1998) (temperature gradient) and Pena et al.| (2010) (Obukhov
length). The derivation of these two stability parameters is based on different principles. The parame-
ters can therefore not necessarily be converted into each other, but both give a reasonable classification
of stability.

Temperature gradient interval (K/m) Obukhov length interval (m)
very unstable (vu) AB/Az < —0.009 -50> L >-100
unstable (u) —0.009 < A6/Az < —0.007 —-100> L > -200
near unstable (nu) —0.007 < A6/Az < —0.005 200> L > -500
neutral (n) —0.005< A6/Az <0.005 IL| >500
near stable (ns) 0.005< A6/Az <0.025 500> L >200
stable (s) 0.025< AB6/Az <0.05 200> L >S50
very stable (vs) 0.05< A6/Az 50> L >10

0.006 K/m could very well be considered as neutral as a temperature gradient of 0.004 K/m, although
the former is categorized as near stable in Table [5.1] and the latter is categorized as neutral. These
classifications and the resulting numbers and frequencies must therefore not be regarded as absolute
statements but as indicators. Nevertheless, since atmospheric stability in nature is not categorized but
happens and evolves gradually, this classification is as good as any to estimate stability’s influence on

the wind profile.

5.3.1 Temperature Gradient Close to the Surface

The temperature gradient between 10 m and 110 m (lower layer stability) is used to assess the strati-
fication near the ground. The frequency distribution of temperature gradients over all wind directions
shows a maximum that lies within the neutral stratification category (Fig.[5.3). Also, a considerable
amount of data fall into the near stable and into the stable categories. Therefore, the most frequent
stability category is neutral (225 813 cases), followed by near stable (102 521), and stable (19 436).
As can be seen on the right-hand side of Figure stable stratification mainly occurs during night-
time (22 -04 CET), corresponding to a nocturnal boundary layer structure. The bulk of the neutral
stratification cases, on the other hand, happens during daytime (10— 16 CET).

If measurements from all wind directions are used for the wind profile analysis in the following sec-
tions, a superposition of the stability’s influence and possible influences of surface roughness would
be possible. Therefore, the measurement data are sorted according to wind direction to account for
the varying surrounding surface characteristics (see Sect. and Tab. [3.2). The frequency of occur-
rence of the different stability classes is also dependent on the wind direction. In Figure[5.4] the three

stable categories (very stable, stable, near stable) are combined into one, as well as the three unstable
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Figure 5.3: Frequency distribution of temperature gradients between 10 m and 110 m for the entire
time series (left) and distinguished between daytime, i.e. 10—16 CET (right, top) and nighttime, i.e.
22-04 CET (right, bottom). Dashed lines denote the stability category borders according to Table[5.1]
Percentages in each stability category for entire time series: very unstable: 0.09%; unstable: 0.30%;
near unstable: 1.17%; neutral: 67.14%; near stable: 27.98%; stable: 3.02%; very stable: 0.31%.

categories (very unstable, unstable, near unstable). The frequencies of each direction and each wind
speed category are normalized with the total number of cases in that category. The wind direction and

wind speed is taken at 50 m measuring height.

As can be seen in Figure [5.4] the unstable categories are the least frequent. The fraction of these is
around 1-2% in all wind direction sectors at wind speeds below 6 ms~! and up to 4% for wind speeds
above 6ms~!. This increase of frequency, however, occurs assumably mainly due to the decrease
of overall number of cases in these categories and the consequential larger statistical scattering of
the data. In Figure [5.3]it is already shown that unstable stratifications are the overall least frequent
stability categories. From Figure it can now be deduced that those mainly occur at lower wind
speeds. This is reasonable, since higher wind speeds reduce large temperature gradients and thus

instability dissolves.

The fraction of neutral stratification at wind speeds below 3 ms~! is distributed over all wind direction
sectors between 40-60%. Between 3ms~! and 9ms™!, it is larger for westerly directions (between
60 and 90%) and less in southeasterly directions (40-50%). Accordingly, the fraction of stable strat-
ification categories is more or less equally distributed at wind speeds below 3ms~!. For larger wind
speeds, the stratification is stable more often in southeasterly wind directions and considerably less
often in westerly directions. At wind speeds larger than 9 ms~!, the stratification is mainly neutral in
all wind direction sectors. The variations of fraction of the stability categories between wind direction

sectors can be attributed to the smaller sample size and thus higher uncertainty in this wind speed
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Figure 5.4: Frequency of occurrence of unstable, neutral, and stable stratification cases according
to temperature gradients between 10 m and 110 m height per wind direction sector at varying wind
speed categories: (a) less than 3 m s~!, (b) between 3 and 6ms~ !, (c) between 6 and 9ms~!, (d) more
than 9 ms~!. The wind direction and wind speed are taken from 50 m measurements. Wind directions
between 320° and 60° are excluded due to disturbances induced by the mast structure.
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category. This corresponds well with the fact, that during high wind speed situations within a well

mixed boundary layer the development of strong temperature gradients is inhibited (Stull, [1988)).

The relative frequency of occurrence for stable cases varies considerably between the different sectors.
Overall, most cases of stable stratification occur at lower wind speeds which has to be expected since
strong inversions only develop with sufficiently weak turbulent mixing. However, it is quite surprising
that during flow from westerly directions (210° —320°) at wind speeds larger than 3 ms™!, the fraction
of stable stratification is quite small. Only 36% of the cases with wind direction from 210° —240°at
3-6ms~! are stably stratified. Even less cases can be found in other sectors (i.e. 240° —270°: 29%;
270° —300°: 24%; 300° —320°: 8%). On the other hand, about 54 to 61% of the cases with wind from

southeasterly directions and wind speeds between 3 and 6 ms~! are stably stratified.

Up until now, one can only speculate about the reasons for this phenomenon. One approach to ex-
plaining this would be that at westerly wind directions the flow always first passes the city of Hamburg
which poses a source for turbulence due to the higher roughness elements present here. This causes
turbulent mixing, even at lower wind speeds, and the development of stable stratification would be
inhibited. Another possible explanation could be the observation that the wind direction in the levels
close to the surface is easterly during stable nights, while the overlying air flows from westerly direc-
tions. These observed events, however, are very shallow and often restricted to the lowest 50 m. The
above analysis is conducted for wind speeds and wind directions at 50 m measuring height. Anyway,
the effect of considerably less cases of stable stratification during westerly winds is also present in
observations at all other measurement levels. This contradicts the above described phenomenon of

nightly easterly winds below a westerly flow as the reason behind this.

To minimize the effect of changing surface roughnesses at different wind directions, the stability
dependence in the following sections is only investigated within one wind direction sector (90° — 150°)
which features relatively uniform surface roughnesses (see Sect.[) and also shows a similar frequency
of occurrence for the different stability categories (5.4). Furthermore, according to Brimmer et al.
(2012), this direction range is the second most frequent, ensuring an adequate large data set for the

analysis.

5.3.2 Temperature Gradient in Two Layers

To assess the influence of varying atmospheric stability in higher levels, in addition to the temperature
gradient in the lower layer (10— 110 m), also the temperature gradient in the upper layer (110-250 m)
is determined. The corresponding frequency distribution of the temperature gradients for the two sep-
arate levels is shown in Figure [5.5] The most frequent combination of the stability in the lower and

upper part is neutral (n) stratification in both layers (23 770 cases in the 90° — 150°sector). The com-
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Figure 5.5: Frequency distribution of temperature gradients for the lower (10 m to 110 m) and the
upper (110m to 250 m) part of the mast for wind directions between 90° and 150°. The gradients
are calculated from 10-minute means. Shades denote data density. Dashed lines denote the stability
classifications according to Table @

bination of near stable (ns) stratification in both layers is also very common (19 723 cases). Towards
instability the frequency distribution of temperature gradients has a sharp boundary. Almost no gradi-
ents are smaller than -0.002 Km~! in the upper part. The temperature gradients at stable stratification
are spread over a wider range of values. No cases exist in which stratification in the upper layer is
very unstable (vu). In General, instability in the upper layer only occurs during neutral or near stable
conditions in the lower layer. This is plausible, since unstable stratification forms due to heating from
the surface. Because this heating from below is not present in the upper layer, instability only rarely

develops.

From Figure [5.5] it becomes quite obvious that the atmospheric stability which is determined below
110m in the lower part of the boundary layer is not always representative for the stratification in
the layer above. In 57.5% of the observed cases, the stratification in the upper and the lower layer
correspond. During 37.3% of the cases the stratification deviates by only one stability class. However,
for 5.1% of the cases the difference in stratification between both parts is larger than one stability
class. In the following section the impact of non-uniform stratification in both layers on the wind

profile is investigated.
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5.4 The Wind Profile at Different Stabilities

The atmospheric stratification influences the shape of the wind profile (Sect. [2.2.1). In an unstable,
well mixed boundary layer the turbulent eddies induce the exchange of momentum from the higher
layers of the boundary layer downward. The wind speed increase with height is therefore smaller
compared to neutral stratification. In a stable boundary layer on the other hand, the exchange of
momentum between the layers is reduced and the increase of wind speed with height is larger, because
the wind speed close to the ground is slowed down due to surface friction and the wind speed in the

upper layers is mainly influenced by the overlying geostrophic wind.

To analyze the behavior of the wind profile at different stabilities, the wind speed is normalized with
the measurement value at 250 m height (Fig. [5.6) to minimize the effect of different wind speeds in
the stability categories. The wind speed measurements from 250 m height are selected for homog-
enization because in this height the influence of the surface is smallest of all measurement heights.
Thus these wind speeds are least affected by surface friction. The profiles are classified according to
the stability categories in Table [5.1] and are averaged for each stability class. To eliminate the influ-
ence of different surface roughnesses, only the wind direction range 90° — 150° is used in this section.
However, the following analyses match the stability dependent profiles for the other wind direction
sectors as well. Since commonly only one stability information from the lower boundary layer is used
to obtain the relevant stability for the expected wind profile and this stratification is assumed to be
uniform throughout the entire surface layer, only cases with uniform stability in the lower and the

upper part are used.

5.4.1 Wind Profiles at Uniform Stratification

As can be drawn from Figure[5.5] no cases with uniform stratification in both layers exist for unstable
categories (very unstable, unstable, near unstable). In cases where stratification in the lower part is
unstable (vu, u, nu), stratification in the upper part is neutral to stable. Therefore, only the mean

profiles of neutral and stable cases (neutral, near stable, stable, very stable) are used in this analysis.

The normalized wind profiles u/usson, for uniform stability categories neutral to very stable are de-
picted in Figure [5.6] The wind speed increase with height is considerably larger at inversions (near
stable, stable and very stable) than at neutral stratification. At stable (s) stratifications the wind speed
increases strongly with height up to 175 m and remains almost constant above. This indicates that the
height of the boundary layer often is below the highest measurement height of the Wettermast Ham-
burg in these cases. The unevenness of the very stable (vs) profile could be explained by the small
number of cases that contribute to this average (15, compared to 1807 in uniformly stable stratifica-
tion). However, at very stable stratification it is also possible that low level jets around the height of

175 m could cause these high wind speeds.
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Figure 5.6: Average wind speeds normalized with wind speed in 250 m for different stability cate-
gories (Tab. [5.1). To eliminate the influence of different surface roughnesses, only the wind direction
range 90° — 150° is considered. The characteristics of the profiles in other wind direction sectors cor-
respond.

The wind speed increase with height (wind speed gradient) below 110 m at neutral stratification is
only weak, but increases towards more stable stratifications, especially at stable and very stable strat-
ification. The wind speed increase above 110m is very small at neutral and only slightly stronger
at near stable and stable stratification. This is, however, considerably less distinct than below 110 m.
From this analysis, it can be deduced that changes in stability mostly results in changes of wind speed

gradients in lower levels.

Overall, the shape of the wind speed profiles at different stabilities agree with the expectations (c.f.
Sect. with larger wind speed gradients at stable stratification. At neutral stratification, the bound-
ary layer is reasonably well mixed and momentum is exchanged between higher and lower levels.
Therefore, no strong wind speed gradients develop. Increasing stability, however, suppresses vertical
mixing and thus inhibits the exchange of momentum between the levels which results in larger wind
speed gradients. |[Holtslag (1984)), Monahan et al.|(2011) and Floors et al.| (2011a)) describe a similar
behavior of wind profiles at varying stabilities. In these studies, wind speed gradients are weaker at

unstable to neutral stratification and gradients increase towards stronger stability.

The standard deviation o, (see App. [A.T] for method of calculation) of the distribution of the wind
speed ratio u/uysom is used to describe the variability of the wind speed (Fig. left). Overall, the
standard deviation increases with increasing stability from neutral to stable stratification and decreases
slightly towards very stable stratification. The largest standard deviation, and thereby the highest vari-
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Figure 5.7: Standard deviation (left) and skewness (right) of the distribution of wind speed ratio
u/upsom. Stability classes are determined according to Table and represent uniform stratification
in lower (10 to 110 m) and upper layer (110 to 250 m).

ability in the distribution, is found at 50 m and 110 m height at stable stratification. In 10 m height,
however, variability of wind speed decreases with increasing stability continuously. As mentioned
above, care must be taken when interpreting results from the very stable stratification category. The

very small sample size in this category can lead to results that are not representative.

Several studies investigate wind speed distributions at varying surface stabilities at towers in Cabauw,
Netherlands (e.g. Monahan, [2010; [Monahan et al.l 2011; [He et al, [2013). In general, they mention
similar effects of stability on standard deviation and skewness (see next paragraph) of the wind speed
distribution as is found in this thesis. Monahan et al.|(2011) describe a decrease of variability in wind
speed in heights close to the surface as well. They attribute this to generally weaker surface wind
speeds which results in less variability. Also, the increase of variability at higher levels with increasing
stability is noted in this study. The authors state that this effect is a result of larger variation of wind
regimes in this level. Depending on the vertical extent of the boundary layer, this measurement levels
often lie above the surface layer or even above the boundary layer. In this case low level jets often
develop. This relatively large variety of regimes is the reason for larger wind speed variability in these

levels.

While the vertical variation of average wind speed is relatively well investigated, the vertical variation
of the wind distribution shape is still subject to research (Kelly et al., 2014). Oftentimes, the Weibull
shape parameter is used to describe the distribution’s shape (Emeis|, 2013} |Gryning et al., 2013}, [2014)).
However, [Monahan et al.| (2011) point out that, especially at stable stratification, the shape parameter
only insufficiently describes the shape of the distribution. Therefore, skewness (App.[A.T) is used in
this thesis to describe the shape of the distribution at varying stratification. At positive values, the
right tail of the distribution is longer than the left one. This means that the distribution consists of
many measurements with relatively small values and some extremely high measurements. This shape

is expected for a quantity like the wind speed, because it is naturally limited to values larger than zero.
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As can be seen on the right-hand side of Figure[5.7] the skewness of all distributions is mostly pos-
itive. It is relatively small to slightly negative at very stable stratification, which suggests a mostly
symmetrical or slightly left-tailed distribution where the amount of extremely high wind speed ratios
is relatively small. For neutral conditions, the skewness is largest at 10 m and decreases with height.
At 175 m, the distribution is comparatively symmetric with not too many extreme values. The skew-
ness is highest at stable stratification in almost all heights. This indicates a relatively large number of
extremely high wind speeds in this stability category which occur due to the large variety of regimes
in this stability category. Whether or not the true wind speed distribution becomes more symmetrical
with decreasing skewness at very stable stratification is not known. Most probably, this effect results

from the small sample size in this category and cannot be interpreted with certainty.

Monahan et al.[(2011) investigate the shape of the wind speed distribution at varying stratification by
analyzing the wind speed distribution’s skewness. They state that skewness increases in lower levels
with increasing stability. At higher levels, on the other hand, skewness of wind speed distributions is
found to decrease with stability. Even slightly negative skewness values are found, indicating a shift of
the bulk of the wind speed distribution towards higher wind speeds with only little small wind speed
values. Therefore, even if the sample size of the very stable category for the Wettermast Hamburg data
is very small, the decrease of skewness might be an indication of the true distribution shape as this is

supported by [Monahan et al.[s findings as well.

Overall, the average normalized wind speeds vary according to the stratification with larger wind
speed gradients in stable stratification and considerably smaller gradients in neutral stratification. The
variability of the wind speed distribution is smaller near the ground. At higher levels, it increases
with increasing stability. The shape of the distribution is generally right-tailed, implying that it mostly
consists of relatively low wind speeds and only little extreme high values. The skewness is smallest
in neutral stratification. This indicates that the distribution in those categories is more symmetrical
and that more relatively high wind speeds occur at stable stratification. In conclusion, the results of
wind speed gradients, variability and shape of the wind speed distribution at varying atmospheric

stratification are in good agreement with previous works.

5.4.2 Characteristics of Wind Profiles at Non-Uniform Stratification

Usually, when estimating the wind profile from measurements, only the stratification characteristics
close to the ground are taken into account and are assumed to be uniform throughout the entire surface
layer. This section gives an overview of how well those estimations represent the properties throughout

the entire height of the Wettermast Hamburg and how this influences the wind profile.

As shown in Section [5.3.2] only in 53.3% of the time, stratification is uniform in both layers. This

leaves about 46% of the data that deviate from this ideal concept. Therefore, those cases are inves-
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tigated to assess how and in which manner this deviation results in differences in wind profiles. The
average normalized wind speed and the standard deviation of the wind speed distribution are analyzed
for non-uniform stability categories in the lower and the upper layer. Furthermore, the deviations

between wind speeds due to the misestimation of the stratification are quantified.

The deviation of stratification from uniformity results in differences in the average normalized wind
speeds (Fig.[5.8). The average normalized wind speeds vary between 0.2 and 0.1 in 10 m and between
0.8 and 1.6 in 175 m at different stabilities. Overall, the normalized wind speed is lower at stable lower
layer stability and higher at unstable lower layer stability, indicating stronger gradients during stable
and weaker gradients during unstable stratification. As mentioned in previous sections (Sect. [2.1]
Sect. [5.4.1)), wind speed gradients are weaker during unstable stratification due to stronger mixing
within the boundary layer. Stable stratification, on the other hand, suppresses vertical exchanges and
thus allow for stronger gradients to develop. However, it is interesting that, for example, at neutral
lower layer stability the average normalized wind speed in all heights decreases (wind speed gradients
increase) with increasing upper layer stability. Here, the inhibition of turbulence due to increasing

stability only in the upper layer produces stronger wind speed gradients throughout the entire height.

The standard error of the mean (Fig. [5.8) is estimated by bootstrap resampling the mean of each
stability category and calculating the standard deviation of its distribution (see App.[A.3). The standard
deviation of the distribution of those resampled averages is used to estimate the interval in which the
true mean lies with 68.2% probability. The values of the standard error show roughly the influence of
the sample size in each category. The magnitude of the standard error in each category increases with
height. This indicates that the calculated averages at higher levels provide a less accurate estimation of
the true average value. However, overall the error is reasonably small, which indicates that the average

is a good estimator of the typical value of the distributions.

When comparing the results in Figure d.7)and Figure[5.8] it can be seen that the influence of changing
stratification is larger than influences due to varying surface roughnesses. In 10 m, the normalized
average wind speed ujom/u2som at different surface roughnesses ranges between 0.4 and 0.5. In the
same height, normalized average wind speeds at varying stratification are between 0.2 and 0.7. Also in
110 m, variation due to changes between stable stratification classes is larger than those due to chang-
ing surface roughness. Normalized wind speed in 110 m u}10m/u250m ranges between approximately
0.6 and 1 for different stratification. On the other hand, at varying roughness lengths the normalized
wind speed in 110 m is between 0.75 and 0.85. This shows that varying stratifications have larger

impacts on wind speeds than varying surface roughnesses.

The standard deviation as a measure of variability within the wind speed distribution is depicted in
Figure[5.9] The variability within the distribution, determined by the standard deviation, is low at un-
stable and largest at stable lower layer stability. In all unstable lower layer stability categories (very

unstable, unstable, near unstable), the standard deviation is of approximately the same order of mag-
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Figure 5.8: Average wind speeds normalized with wind speed in 250 m for seven stability classes
(Tab.[5.I) in lower and upper layer at the Wettermast Hamburg. To eliminate the influence of different
surface roughnesses, only the wind direction range 90° — 150° is considered. Additionally, standard
errors of the mean from bootstrapping are given. Boxes indicate cases with uniform stratification in
both layers. Colors are given according to average wind speed value in separate color scales in each

height.
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Figure 5.9: Standard deviation of wind speed distribution at varying stratification categories. Boxes
indicate cases with uniform stratification in both layers. Colors are given according to standard devi-
ation value in separate color scales in each height.

nitude in each height and for both occurring upper layer stability categories. This indicates that the
variability in all heights is not influenced much by those relatively small variations in stability. In neu-
tral to stable lower layer stability, on the other hand, the variability estimated by the standard deviation
increases with increasing upper layer stability. Only standard deviation in 10 m decreases with stabil-
ity as mentioned in the previous section. Interestingly, also an increase of upper layer stability can
result in a change of standard deviation in 10 m. However, the effect is relatively small. If the lower
layer stratification is stable, a variation of the upper layer stability does not result in any major changes
in the standard deviation, except in 50 m. Here, the standard deviation ranges between 1.4 (s|vs) |I| and
2.5 (sln).

Overall, an increase of lower layer stability results in a larger variability in the wind speed distribution
regardless of the upper layer stability in all heights but 10 m. This corresponds to the findings in the
previous section where the variability increases with increasing stability. The effect of variation of
upper layer stability on the other hand cannot as easily be summarized. Generally, the magnitude of
standard deviation change due to changes in upper layer stability is smaller than that due to lower
layer stability changes. However, an influence of upper layer stability on the average wind speed and

the variability is present. Basically, the same mechanisms that influence the variability of wind speed

!In this section, the combination of stratification conditions will be denoted as (lower layer stability | upper layer stability).
For example, the combination of stable (s) lower layer stability and very stable (vs) upper layer stability is denoted as
(slvs).



74 5 STRATIFICATION OF THE BOUNDARY LAYER

Lower Layer Stability: n Lower Layer Stability: ns
q = q *
250 7/ 250 i .
/ / /
/ /
2004 200+ / /
¢ .k
/s
= 1501 g 1501 /s
1 4 /]
) >3 )/
= = /“/
T 1001 T 1004 7
> 7
7
~
501 501 2 &
s
= 7
= =
& Ax
0 0
2 4 6 8 10 2 4 6 8 10
Wind Speed (m/s) Wind Speed (m/s)
Lower Layer Stability: s Lower Layer Stability: vs
2504 * 2504 T °
| \
| / |
200 2001 | !
* )
| Ve
E 1501 g 1504 | p &
z = e
&b .20 e -
= 1001 = 100+ %
= T // /
7 S
7 L *x n
50 504 KA ns
o ® s
vé// vs
0 ; w w ‘ ‘ 0 : ‘ ‘ ‘ ‘
2 4 6 8 10 2 4 6 8 10
Wind Speed (m/s) Wind Speed (m/s)

Figure 5.10: Profiles of average wind speeds. Each subfigure depicts profiles at one fixed lower layer
stability and varying upper layer stability. Wind profiles at uniform stratification are drawn with solid
lines, profiles at deviating stratification with dashed lines.

that are mentioned in the previous section also matter in separate changes of lower layer stability and
upper layer stability. In 10 m at weaker surface wind speeds, the variability is generally low. At higher
levels, however, the effect of larger variability of wind speed with increasing stability is also present
if only upper layer stability changes. As mentioned above, in stable stratification a larger variety of

wind regimes is present due to varying boundary layer heights.

Deviations from uniform stratification affect the measured wind profiles in all measurement levels
(Fig.[5.10). In cases of neutral lower layer stability, increase of upper layer stability results in changes
in wind speeds in all measurement height. If the lower layer is stably stratified (near stable, stable, and
very stable), wind speed in lower levels is influenced a little, but the majority of changes occurs in the

upper levels.

To quantify the previously mentioned deviation of wind speed due to separately varying stabilities,
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Figure 5.11: Relative differences of wind speed for varying upper layer stability in %. The differ-
ence is calculated between the average wind speed at uniform stratification (diagonal entries) and
the average wind speed at the same lower layer stability but different upper layer stability (variation
along ordinate) and normalized with average wind speed at uniform stratification in 10 m (a), 50 m
(b), 110m (c), 175 m (d), and 250 m (e). Positive values indicate higher wind speeds than at uniform
stratification and negative values indicate lower wind speeds.

relative difference are calculated in each height. Those are taken between the expected wind speed
at uniform stratification (diagonal entries in Fig. [5.11)) and the wind speed at the same lower layer
stability and different upper layer stability (variation along ordinate in Fig. [5.11). For example, in
case of the (nlns) category, the relative difference is calculated using:

U(nins) — U(nin)

Aﬁ(nlns) = ﬁ( m
nin

(5.5)
Here, positive values indicate higher wind speeds and negative values indicate lower wind speeds than

at uniform stratification.

The wind speed at varying upper layer stability is smaller than the expected wind speed at uniform
stratification in almost all cases. The amount of these differences varies with height and stability
category. Large deviations occur if neutral stability is assumed and the upper layer stability is stable
or very stable. In these cases the wind speed in lower levels (10 to 110 m) is about 30% smaller
than assumed. However, this deviation is smaller in 175 m and even inverse in 250 m. Here, the wind
speed is about 5% larger than assumed in case of neutral stratification in the lower layer and stable

stratification on top (nls).
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Figure 5.12: Profiles of average wind speeds. Each subfigure depicts profiles at one common upper
layer stability and varying lower layer stability. Wind profiles at uniform stratification are drawn with
solid lines, profiles at deviating stratification with dashed lines.

In all other stability categories, the deviation in upper layer stability results in lower wind speeds than
expected. Large deviations occur in the category (s n). Here, the wind speed is between 14% and 41%
lower than expected. Care must be taken when interpreting results from the very stable lower layer
stability category. These deviations appear to be the overall largest. As can be seen in Figure[5.8] the
average wind speed in the (vs|vs) stability category has a large uncertainty of 1.25 4 0.042 because it

consists of only 15 data samples.

A general overestimation of wind speeds can be seen in Figure [5.11] Since no unstable stratification
occurs in the upper layer (Sect. [5.3.2)), it can only be stated that a misinterpretation of upper layer
stability leads to overestimation of wind speed. Overall it can be concluded that, if the stratification in
the upper layer is less stable than assumed based on the conditions in the lower layer, the wind speed
in all heights is smaller than the one in the comparison category. Generally, if upper layer stability is
ignored and only lower layer stability is taken into account, the wind speed would be overestimated

in almost all cases.
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Figure 5.13: Relative differences in %, same as Fig. but for deviation of lower layer stability
from uniform stability throughout the entire mast height.

Naturally, the change in lower layer stability also has an impact on the wind profile. As can be seen in
Figure change of lower layer stability at constant upper layer stability, affects the wind profiles
in all heights. In Figures[5.12p and b it is obvious that the lower layer stability determines the shape of
the wind profile with little increase of wind speed for unstable lower layer stability and larger increase
for stable lower layer stability. However, also in Figure[5.12k and d it is visible that the variation of
lower layer stability influences the wind speed at higher levels as well. In fact, the range of variation
of the relative differences due to those changes (Fig. [5.13) is even larger than the above described

variation of wind speed due to changing upper layer stability.

The highest impact can be found in lower measurement levels (10 and 50 m). Here, if the stratification
is more unstable than assumed, the wind speed is larger by as much as 83%. This means that at unstable
lower layer stability and neutral to stable upper layer stability wind speed close to the ground is still
increased, even if the exchange with higher layers is inhibited by inversions. In higher measurement
levels (110 m and above) and in cases with unstable lower layer stability and neutral to stable upper
layer stability, the wind speed is smaller than at uniform stratification. This could indicate, that at
neutral upper layer stability, which neither inhibits nor enhances vertical exchange of momentum, the
increased turbulence close to the ground extracts momentum from the higher measurement levels.
However, care must be taken when interpreting the strong increase of wind speed at very stable upper
layer stability. The category (vs|vs) only consists of 15 profiles which results in higher uncertainty of

the values.
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Exemplarily, the relative deviation of wind speed due to varying upper layer stability can be calculated
with absolute wind speeds. The average absolute wind speed in 110 m in uniform neutral stratification
(nln) is 6.4ms~'. If one would assume this stratification for wind profile estimation, the deviation
of -34% in the (nlvs) stability category would result in a wind speed of 42ms~!. In 175m, the
relative differences of wind speed are of approximately the same order. However, the average wind
speeds increase with height. If one would like to predict the wind speed at 175 m and (s |s) stability
is assumed, the relative deviation is -35% (in case of true (s|n) stability). Therefore the wind speed
would be expected to be 8.0ms~!, while it only is 5.1 ms~!. In 250 m, the average wind speed in
(s|s) stability is 9.0ms~!. If the upper layer stability would be ignored in wind speed estimation
in this stability category, the deviation can be as large as -41%, if the true upper layer stability was
neutral. This would mean an actual wind speed of 5.3 ms~!. Overall, disregarding variation in upper

layer stability mostly results in overestimations of wind speed in all levels.

The deviations of average wind speeds due to the assumption of uniform stabilities throughout the
entire height are even larger for variations in lower layer stability. It is therefore essential to esti-
mate the correct stability in this layer. Nevertheless, variations in upper layer stability mainly lead to
overestimations of the wind speed. In these cases the true wind speed would be up to 41% less than

assumed.

When estimating the wind speed at larger heights, that are sometimes well above the surface layer,
the upper layer stability becomes more important with increasing height. For yield projections above
the current hub heights (> 100 m), an overestimation due to varying upper layer stability would result
in overprediction of the possible earnings. Whereas, for wind load estimations at higher levels an
underestimation of the expected wind speeds due to varying upper layer stability would lead to an

underestimation of the expected load on structures.

5.5 Modeling Wind Profiles at Varying Stratification

Both |Gryning et al.| (2007) and |Pefia et al.| (2010) propose models to predict the wind profile from
measurements at or close to the surface: roughness length z, friction velocity u, from 10 m measure-
ments, and the Obukhov length L evaluated at 50 m (cf. Sect. [2.3). Their suggestions are evaluated by
comparison with measurements at the Wettermast Hamburg site in the course of this section.

5.5.1 Modeled Wind Profiles at Uniform Stratification

The necessary input parameters u,, L, and zg (Sect.|4)) are determined at every available time step and a

wind profile between 1 m and 300 m is calculated from both models. The average wind speeds for the
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Figure 5.14: Wind speed profiles measured at Wettermast Hamburg (circles) and estimated by the
approach of (Gryning et al.[|(2007)) (solid lines) and [Pena et al.| (2010) (dashed lines) for wind directions
between 90° and 150° (Zg=0.16 m). The colors denote the stability categories according to Table[5.1]
Left: unstable and neutral stratification, right: stable stratification.

seven stability categories (Tab.[5.1)) from both models and measurements are depicted in Fig.[5.14] As
in the above evaluation of the measured wind speed profiles, only the wind direction sector between
90° and 150° is used to eliminate any possible influence of varying surface roughnesses. Only friction

velocities u, > 0.1ms~!

are considered since this otherwise indicates an upward momentum flux
which is an unusual state of the surface layer. The number of remaining profiles in each stability

category are given in Table[5.2]

The estimated wind profiles show the same basic shape as the measurements. Below 110 m, the mod-
eled wind speeds agree reasonably well with the measurements, with exception of very unstable and
very stable categories. Here, the wind speed is systematically overestimated in case of very stable
stratification and underestimated in case of very unstable stratification. Both models overestimate
wind speeds in very stable stratification by about 5ms~!. As discussed in Section the small pos-
itive values of the Obukhov length (50 > L > 10) in the very stable stratification category can lead to

unreasonably large wind speeds. Therefore, this category is excluded in further investigations.
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Table 5.2: Number of available profiles within the 90° and 150° wind direction sector for each stability
category according to Table

Stability category vu u nu n ns S Vs

Number of profiles 2266 2382 2247 14342 7930 7063 2138

To quantify the deviations between the predicted wind profiles and the measurements, the
square error] (RMSE) and the average bias are calculated (Fig. and excerpts for 110m and 175 m
in Tab. [5.3). The bias is calculated by subtracting the measured wind speed from the estimated wind

speed uest — Umeas- Thus, negative bias values indicate that the predicted wind speed is smaller than
the measured one, i.e. the model is underestimating the wind speed. To account for the effect that at
higher average wind speeds also the errors can be larger, both are normalized with the average wind

speed in each height.

The RMSE of the [Gryning et al| (2007) approach (Fig. [5.15p) is overall smallest at near unstable
stratification with about 27% in 10 m, decreasing to 16% in 110 m and 175 m, and increasing again
further up. For unstable and very unstable stratification the nature of the[RMSE]is essentially the same
but with slightly higher values (between 24% and 18% (u) and between 28% and 21% (vu)). At neu-
tral and towards near stable and stable stratification the is of the same order as in the above
mentioned stability categories, but the error increased stronger towards higher measuring heights. In
stable stratification the error is smallest of all stability categories in 10 m but increases strongly to-
wards higher levels. This indicates that the wind speed in all heights is comparatively well represented
by the|Gryning et al.|(2007)) approach for neutral and unstable stratifications, but, as already described
above, in stable stratification and at higher levels the deviations from the measurements are larger.

The average bias between the Gryning et al.| (2007) model and the measurements (Fig. [5.15p) shows
that the wind speed is underestimated in almost all stability categories and in all heights. One exception
is the wind speed below 110m during stable and near unstable stratification in all heights. Here,
the bias is approximately zero or slightly positive. At all three unstable categories and in neutral
stratification the bias is more or less constant with height. This indicates that the|Gryning et al.| (2007)
approach is a good estimate for unstable and neutral conditions, regardless of the height. In stable
stratifications, on the other hand, the estimate is even better in the lower levels. However, the bias
increases towards larger negative values with increasing measurement height. Nevertheless, even at
250 m the lowest bias in near stable stratification is of the same order of magnitude as the bias for very

unstable stratification.

The characteristics of the[RMSE]of the [Pefia et al.| (2010) approach for different stabilities (Fig.[5.15k)
are similar to the above described of the Gryning et al.| (2007) approach. The error is smallest

in 110 m and 175 m height at unstable stratification (near unstable, unstable, and very unstable). At
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Figure 5.15: Error estimates of model results from comparison with measurements. Top row: the
approach proposed by |Gryning et al.|(2007)), bottom row: the approach proposed by [Pefia et al.[(2010)).
The normalized RMSE]is depicted in the left column, the normalized average bias in the right column.
The bias is calculated as uest — Umeas-

neutral and near stable stratification the error is reasonably small in the lower levels as well, but
increases towards higher levels. In stable stratification the error is smallest of all stability categories
in 10 m but already in 50 m the error is larger than in all other stability categories and increases even
further towards higher levels. The overall values of the of the |Pena et al.| (2010) approach are
— with exception of the stable stratification category — smaller than those of the |Gryning et al.| (2007)

approach, indicating an overall better fit to the data.

The overall values of the average bias of the [Pena et al.| (2010) approach (Fig. [5.15[) are closer to
zero than those of the |Gryning et al.| (2007) approach. The wind speeds in all heights are only under-
estimated in very unstable stratification, indicated by negative biases. In all other stability categories
however, the bias is close to zero or even positive in some heights, which indicates an overestimation
of wind speed. At unstable stratification the bias is closest to zero in all heights. Thus, this stabil-
ity category is represented best by the Pefia et al.|(2010) model. Although the error estimates are
smaller than those of the |Gryning et al.| (2007) approach, the model of |[Pefa et al.| (2010) still mostly

underestimates the wind speed in all heights.
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Table 5.3: Relative and bias from comparison of the models of (Gryning et al.|(2007)) and |Pefia
et al.| (2010) with measurements exemplarily for 110m and 175 m height. The and bias are
normalized with the average wind speed in each height. Stability is categorized according to Tab.[5.1]
Compare Fig. for more comprehensive presentation of the model error estimates. Very stable (vs)
stratification category is excluded, due to model sensitivity issues (Sect. @

RMSE| (%) vu u nu n ns S
: 110m 22 17 15 21 22 29
Gryning etal | 2007) 175, 59 16 15 U 28 37
. 110m 15 13 17 20 20 33
Pefia et al | (2010) 175m 14 14 18 23 26 41
Bias (%) vu u nu n ns S
: 110m —173 —107 —03 —7.0 -95 —3.0
Gryning et al | 2007) 175 157 _o 0.1 -89 —145 —84

110m -84 —1.4 6.1 —23 -2.0 9.3

Pefia et al,|(2010) 175m —6.4 0.8 72 —41 —68 35

In conclusion, the error estimates of both models are lowest for unstable stratification, compared to

the other stability categories. This can be explained by the fact that the [convective boundary layer]

usually extends up to higher heights than the neutral or even the [stable boundary layer] It can there-

fore be assumed that all measurement heights lie well within the boundary layer or even the surface
layer during unstable conditions. During stable conditions, on the other hand, the top of the bound-
ary layer can be as low as 10 m above ground (Foken, 2006b). However, this extremely low value is
very unlikely in case of the measurements at Wettermast Hamburg, since the surface roughness of the
surroundings induces turbulence which always expands the boundary layer (Zilitinkevich and Bak-
lanov, 2002)). Nevertheless, the top of the boundary layer in stable stratification that is determined by
the Rossby-Montgomery formula (Sect. [2.3.1) and used within the models is often around 200 m in
stable cases. The top measurement of the Wettermast Hamburg therefore often is above the boundary
layer during stable stratification. This height corresponds further with the wind speed maximum of

the predicted wind speeds in stable cases.

Sathe et al.| (2011) investigate the agreement between the |Gryning et al.| (2007) model and offshore
tower measurements. They state that for unstable and neutral stratification the model represents the
measurements reasonably well. However, in stable stratification the deviation between model and mea-
surements are larger at these offshore sites as well. Emeis|(2013) compared both model approaches
to one month of Sodar measurements. He found no considerable differences of performance between
the two models. It can be concluded from this section that both mixing length models represent wind

profile measurements well under unstable and neutral conditions. During stable stratification however,
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the errors between models and measurements are larger. Overall, no model is superior over the other.
In some stability categories the |Gryning et al.| (2007) model performs better, in others the [Pena et al.

(2010) model fits the measurements better.

In conclusion, this chapter addresses the impact of the variable stratification of the atmosphere close to
the ground on the wind profile. Stratification characteristics at the Wettermast Hamburg are discussed
and the input parameter L, needed to predict the wind speed with the models of (Gryning et al.[(2007)

and |Pena et al.|(2010), is reviewed.

e The Obukhov length L derived from eddy covariance measurements deviates considerably from
the stability categorization by the gradients of potential temperature in 22% of the cases. There-
fore, the Obukhov length is recalculated utilizing the gradient Richardson number. Only 3% of
the measurements deviate from one another after recalculation of L. This indicates deficiencies
of the eddy covariance measurements at the Wettermast Hamburg. Therefore, the consistency

of the data set is improved by recalculating L from gradient Richardson number (Sect. [5.T)).

e Wind speed models by |Gryning et al.| (2007)) and [Pefia et al|(2010) are sensitive to very small
positive values of L (extreme stability). This results in an overestimation of wind speed for
those cases. Therefore, only profiles with stratification |L| > 50 m should be used for the model
estimations (Sect. [5.2).

o Neutral stratification is the most frequent stability category at the Wettermast Hamburg. Diurnal
differences of the frequency distribution of stability can be found. Stable stratification mainly
occurs during nighttime, corresponding to a nocturnal boundary layer structure. The bulk of
the neutral stratification cases happenes during daytime. Additionally, the frequency of occur-
rence of stability categories also varies with wind speed and wind direction. At higher wind
speeds, more cases are neutrally stratified. During flow from westerly directions (210° —320°),

the fraction of stable stratification is quite small (Sect. [5.3).

o Additionally, atmospheric stratification at the Wettermast Hamburg is determined by gradients
of potential temperature in two layers (10m to 110m and 110 m to 250 m). The most frequent
stability category in both layers is neutral stratification. When discerning between the stratifi-
cations in the lower layer and the upper layer, it becomes obvious that in about 46% of the data

upper layer stability is different from lower layer stability (Sect.[5.3).

e The average wind profile increases less with height at neutral stratification and stronger in stable
stratification. Variability of the wind speeds is small in 10m and decreases with increasing

stability. In higher levels, variability is larger and increases with stability (Sect. [5.4).
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e When discerning between stability in the lower and in the upper layer of the Wettermast Ham-
burg, the wind speed shows a strong response to changes in the lower layer stability with con-
stant upper layer stability. Nevertheless, variations in upper layer stability with constant lower
layer stability also causes wind speed deviations. These are mainly overestimations of wind
speed. In these cases the true wind speed would be up to 41% less than assumed (Sect. [5.4).

e The wind speed between 1 m and 300 m is predicted, using models proposed by |Gryning et al.
(2007) and [Pefia et al.| (2010). The wind speed is best predicted from both models for unstable
stratification when the top of the boundary layer lies presumably well above the mast height.
During stable stratification, the error between the modeled and the measured wind speed is
reasonably small in lower levels but increases distinctly with height. This could be explained by
the fact that the top of the boundary layer in those cases often lies below the highest measuring

height and therefore not all measurements are taken within the boundary layer (Sect.[5.5).
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Conclusions and Outlook

The scope of this thesis is the wind profile in heterogeneous terrain, in particular in the transition
area between urban and rural terrain. It is the aim of the study to broaden the understanding of the
boundary layer wind profile and to analyze different influencing parameters on the wind profile. The
results can provide a deeper insight on the important factors for estimations of the wind profile, e.g.

for wind energy applications.

The measurements used in this thesis were taken at the Wettermast Hamburg site which is located at
the easterly outskirts of the city of Hamburg. Observations at five measurement levels between 10 m
and 250 m from October 2000 until March 2012 are used. The data set is homogenized into complete,
undisturbed profiles with wind speeds larger than 1 ms~! in all heights. 62% of the maximum possible

measurements comply with those prerequisites.

Atmospheric stratification is determined by Obukhov length L and gradients of potential temperature.
The Obukhov length derived from eddy covariance measurements deviates in 21.9% of the cases from
the stability categorization by the gradients of potential temperature. This deviations originate from
shortcomings of operational eddy covariance calculations in the Wettermast Hamburg data. Therefore,
the Obukhov length is recalculated utilizing the gradient Richardson number. In contrast to Obukhov
length, no obvious inaccuracies of friction velocity u, calculated from eddy covariance is found.
Nevertheless, u, is recalculated by means of flux variance similarity. This recalculation is performed
to gain a coherent data set. The recalculated values of friction velocity are compared to wind speed
measurements utilizing the definition of the drag coefficient. Those are in good agreement. It can
therefore be concluded that those two approaches of replacing eddy covariance measurements are

feasible and result in a homogenous data set.

The location of the Wettermast Hamburg site allows for the analysis of the wind profile at different sur-
face roughnesses depending on the wind direction. Overall, the terrain to the west of the site is mostly

urban. To the east it is mainly rural. The roughness length as surface characteristic is determined for
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the surroundings of the Wettermast Hamburg from wind profile measurements at different heights and
for 30°-wide wind direction sectors. The measured wind profile is analyzed in terms of influence of
surface roughness and atmospheric stratification. Furthermore, two wind profile models are validated
with measurements at the Wettermast Hamburg. Both model approaches utilize an expansion of the

mixing length concept to allow for the estimation of wind speed above the surface layer.

Based on the analyses in this thesis, the questions specified in Chapter[I]are answered below.

What are important characteristics of the Wettermast Hamburg site and its observations?

To ensure adequate interpretation of observations at the Wettermast Hamburg site, comprehensive
knowledge of the site characteristics and the climatological conditions is necessary. The Wettermast
Hamburg itself is a solid cylindrical mast. The booms on which the instruments are mounted extend
towards 190°. Anemometers are installed at the edge of these booms at a distance of 6.47 m from the

mast’s center.

Although the distance between mast and anemometers is comparatively large, disturbances of the flow
due to mast circulation can still be detected. Turbulence intensity in undisturbed conditions charac-
terizes the turbulence of the mean flow. In case of mast circulation an increase of turbulence caused
by the mast’s structure can be observed. Turbulence intensity values are mainly between 0.02 and 0.1
for most directions. However, they increase considerably for wind directions between 320° and 60°
to values between 0.25 and 0.8. Until now, no reliable method of correction for this effect could be
found. Therefore, wind directions between 320° and 60° have to be discarded to ensure reliable wind

measurements.

The Wettermast Hamburg site is situated at the easterly outskirts of the city of Hamburg. The immedi-
ate surroundings of the site are far from homogenous. The terrain is dominated by different roughness
elements, depending on distance from the mast and wind direction. The site is surrounded by allot-
ment gardens (south), a gravel pit (east and north) and industrial buildings (west). The more distant
area around the measurement site towards the west is characterized by industrial buildings and the

city of Hamburg. East of the site the terrain is mainly rural.

One main prerequisite of traditional boundary layer theory is horizontal homogeneity. Apart from
large steppes, deserts, large ice fields, or open water, probably no terrains meet this requirement.
Nevertheless, it is equally as important to try to ascertain the boundary layer wind profile in hetero-
geneous terrain. In fact, wind turbines are seldom deployed at "ideal” sites where the flow is mainly
undisturbed, but also in the vicinity of settlements or cities. Therefore, the results in this thesis can

help to transfer theoretical assumptions to conditions closer to reality.

The prevailing wind directions at the Wettermast Hamburg site are westerly directions with overall

higher wind speeds than from other directions. This can be attributed to the location of the measure-
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ment site in the mid-latitudes. Southeasterly wind directions are second most frequent. This secondary
maximum is more distinct in lower levels and at smaller wind speeds. It becomes less distinct with
height, but even in 250 m measuring height, winds from southeast are more frequent than those from

east or south.

Overall, wind speeds increase with height due to the reduction of surface friction. Low wind speeds
occur, except for 10 m height, at all wind directions with the same frequency. High wind speeds, on the
other hand, predominantly occur at westerly directions, Larger wind speeds (i.e. > 10ms~!) are more
frequent at 110 m and above. Even larger wind speeds (> 15ms™') also almost exclusively occur at

westerly directions.

During winter (December, January, February), high wind speeds occur more frequently than during
summer (June, July, August). Additionally, most cases with southeasterly wind directions occur dur-
ing winter. In 110 m the most frequent wind direction is west with the highest wind speeds as well.
Easterly directions are second most frequent here. The highest wind speeds (>20ms~!) only occur

from westerly directions.

The reason for the frequent occurrence of southeasterly directions is still subject to research. Possible
explanations for this would be local effects like canalization within the valley of the river Elbe, inflow
into the nocturnal urban heat island, or local small-scale circulations at the measurement site. Up until

now, this effect could not be explained completely.

In conclusion, wind measurements at the Wettermast Hamburg site are representative for a location in
the mid latitudes with prevailing westerly wind directions. A secondary maximum in wind direction
frequencies occurs for southeasterly directions. The measurement site is located in rather hetero-
geneous terrain in the transition area between urban and rural ares. Measurement at a tower poses

challenges due to circulations of the structure. Therefore, an operational sector is identified.

How can the roughness length z; be derived from observations at tall masts in heterogeneous
terrain?

To characterize a site, either for meteorological measurements or for deployment of wind turbines, a
description of its surrounding surface properties is necessary. To this end, most often the roughness
length z¢ is used. Several approaches exist to derive zgp from meteorological measurements. In this

thesis, variations of comparison with the logarithmic wind profile is used to estimate zg.

The traditional approach to derive zy is to compare wind speed measurements with the logarithmic
wind profile. When following this approach at a tall mast surrounded by heterogeneous terrain, some
limitations of this method become obvious: the derived roughness length is highly sensitive to the
levels that are used in the estimation. It can be seen from average profiles at the Wettermast Hamburg

that wind speeds at neutral conditions in some directions deviate considerably from the theoretical
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logarithmic shape. These deviations result in sensitivity of the calculated roughness length on the
heights used for the estimation. Interestingly, this effect only occurs for some wind directions while
in others, the logarithmic wind profile is a very accurate description of the measured wind profile
in neutral stratification. At the Wettermast Hamburg, in the wind directions between 180° —210° the
resulting value of zg is found to more than double. If only heights from 10 to 110 m are considered, the
resulting roughness length is 0.34 m. On the other hand, it is estimated as 0.82 m if all heights between
10 and 250 m are used. In other directions, however, this effect is not as large. In wind directions
between 270° and 300°, the roughness length is almost constant between 0.69 m (for heights 10 to
110m) and 0.72 m (for heights 10 to 250 m). This is only a spread of 0.04 m.

This sensitivity to number and height of measurement levels can be reduced by adding a linear term to
the logarithmic wind profile description. This extension leads to an effective roughness length zg .. The
resulting equation describes the measured profiles much better. The effective roughness length values
are in good agreement with the values that are proposed by several authors and are integrated over
the inhomogeneous surface in the fetch area. It is advisable to use zq ¢ for sites with inhomogeneous

surroundings and with measurements from tall masts.

In summary, the roughness length can be determined from average wind profiles. Sometimes, the
situation at a site or the aim of an analysis requires measured wind profiles that extend above 110 m.
In these cases, however, it is necessary to expand the logarithmic wind profile to include a linear term.

This term accounts for a stronger increase of the wind speed at upper levels.

Is it sufficient to determine atmospheric stability for wind profile estimates by means of stratifi-
cation close to the surface?

Several quantities exist that are used to characterize atmospheric stratification. In this thesis Obukhov
length L and temperature gradient AG /Az are used. As mentioned in Section this method is prone
to errors if the derivation of turbulent fluxes from eddy covariance measurements is not conducted
carefully. Therefore, in this thesis gradients of potential temperature are used to characterize atmo-

spheric stratification.

Stratification is determined by gradients of potential temperature in two layers (10m to 110 m and
110m to 250 m). The most frequent stability category in both layers is neutral stratification. When
discerning between the stratifications in the lower layer and the upper layer, it becomes obvious that

in about 42% of the data upper layer stability is different from lower layer stability.

The most frequent combination of stability in the lower and upper part is neutral stratification in both
layers (23 770 cases in the 90° — 150°sector, 30%). The combination of near stable stratification in
both parts is also very common (19 723 cases, 25%). Towards instability the frequency distribution of

temperature gradients has a sharp boundary. Almost no gradients are smaller than -0.002 Km~! in the
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upper part. The temperature gradients at stable stratification on the other hand, are spread over a wider
range of values. No cases at all exist where the stratification in the upper layer is very unstable. In
general, instability in the upper part only occurs during neutral or near stable conditions in the lower
part. This is plausible, since unstable stratification mainly forms due to heating from the surface. Since

this heating from below is not present in the upper layer, instability only rarely develops.

Stability which has been determined below 110 m in the lower part of the boundary layer is not always
representative for the stratification in the layer above. In 57.5% of the observed cases, the stratification
in the upper and the lower part correspond. During 37.3% of the cases the stratification deviates by
only one stability class. But, for 5.1% of the cases the difference in stratification between both parts

is larger than one stability class.

When discerning between the stability in the lower and in the upper level, variations of both stratifica-
tions influence the entire wind profile. The wind speed shows a strong response to changes in the lower
layer stability. These impact the shape of the profile as well as the intensity of wind speed gradients.
In unstable lower layer stability wind speed gradients are generally weak in lower levels and almost
constant higher up. With increasing lower layer stability, wind speed gradients in all heights increase
as well. Nevertheless, even changes in upper layer stability impact the wind profile in all measurement
heights. This influence is strongest in higher levels. However, also in levels close to the ground, an
influence is visible. If only lower layer stability is considered, the estimated wind speed can be about

30% less than expected in all heights.

In conclusion, atmospheric stratification is not always uniform throughout the entire measurement
height. These deviations of stability result in deviations of wind speed as well. If upper layer stability
is neglected, this can result in overestimation of wind speed. In this case, the wind speed can be around

30% less than expected.

How do varying surface roughness and atmospheric stratification influence the boundary layer
wind profile?

Two main influencing factors on boundary layer wind profiles are surface roughness and atmospheric

stratification. The impact of either varies with height.

Influence of different surface roughnesses is mainly seen in the lowest measurement height 10 m.
Above the 10 m measurement level, no distinct dependency on surface roughness is visible. The wind
speed in 10 m measuring height is smaller at higher surface roughnesses. This can be expected, since
larger surface roughness provides higher friction which decelerates the wind. In the 10 m measurement
level, the normalized wind speed u/us0m varies between 0.4 and 0.5 at different zp during neutral
stratification. However, already at 50 m height is this effect not as noticeable. The surface roughness

therefore mainly influences the wind speed close to the ground.
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Influence of stratification on wind profile is more distinct with overall larger wind speed gradients in
stable and weaker gradients in unstable stratification. When discerning between stratification in lower
and upper layers, variation of stratification in the lower layer mainly causes wind profiles to change
in lower levels, but also has an impact on the entire profile. On the other hand, variation of upper
layer stability also results in changes of the wind profile, even at lower levels. In 110 m, the effect of
varying stability is strongest if lower layer stability is neutral and upper layer stability is stable to very
stable. If uniformly neutral stability throughout the entire height is assumed, this deviation of upper
layer stability causes wind speed overestimations with wind speeds that are up to 34% smaller than

assumed.

In 110 m, variation due to changes between stable stratification classes is already larger than those
due to z9. Normalized wind speed in 110 m u;19m/u250m ranges between approximately 0.6 and 1. On
the other hand, at varying roughness lengths the normalized wind speed in 110 m is between 0.75 and

0.85. Which shows a smaller variability due to surface roughness than due to stability changes.

In summary, the impact of varying surface roughness and atmospheric stratification depends on height.
In the lowest measurement level 10 m, the influence of roughness changes is largest. Nevertheless,
even in this height, influence of varying stratification is dominant. In all other heights, the effect of

variation of atmospheric stratification is considerably larger than that of changing surface roughness.

How well are mixing length models able to describe the wind profile in heterogeneous terrain in

the surface layer and above?

Wind speed assessment is necessary in a number of applications. For wind energy purposes, expected
wind speeds at a certain height are often estimated by extrapolation of wind speed utilizing the loga-
rithmic wind profile. This is, strictly speaking, only valid within the surface layer. As the wind power
generation evolves and wind turbines reach higher, an estimate for the conditions well above the sur-
face layer is necessary. Both |Gryning et al.| (2007) and [Pena et al.| (2010) propose a model estimation
of wind speeds in the surface layer and beyond which base upon the extension of the mixing length
description for levels above the surface layer. Performance of these two models is systematically ana-

lyzed by comparison with long term measurements at a heterogeneous site.

Wind speed estimations by |Gryning et al.| (2007) and |Pefia et al.| (2010) are sensitive to very small
positive values of the Obukhov length L (extreme stability). This results in an overestimation of wind
speed for those cases. Therefore, only profiles with stratification |L| > 50 m should be used for model

estimations.

The model approaches of |Gryning et al.|(2007)) and [Pena et al.|(2010)) are validated with regard to sur-
face roughness with measured wind profiles at neutral stratification. RMSE| and bias are calculated.
The between models and observations range between 16 and 42% (errors of both models are
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in the same order). In 110 m, the RMSE]is still between 16 and 27% for both models. The errors are
smallest for moderate roughness lengths and higher for more extreme values of zy. The bias between
models and observations demonstrates systematic over- or underestimation. Both models underesti-
mate the wind speed at the Wettermast Hamburg by 5-25% in most cases. Only for small roughness
lengths the estimated wind speed is overestimated by both models. In this case, both models overes-
timate wind speed by as much as 28% in 10m and 5 to 10% in 110 m. At large 7z values, the wind
speed is underestimated by roughly 20% in all heights. This leads to the assumption that the value of
zo in model calculations has too much impact on the results.

Additionally, both models are validated by evaluating the modeled and observed wind profiles at
varying atmospheric stratification. The wind speed is best predicted from both models for unstable
stratification when the top of the boundary layer lies presumably well above the mast height. During
stable stratification, the error between the modeled and the measured wind speed is reasonably small
in lower levels but increases distinctly with height. This could be explained by the fact that the top of
the boundary layer in those cases often lies below the highest measuring height and therefore not all

measurements are taken within the boundary layer.

In unstable stratification, both models produce small errors, especially at higher levels (110 m and
above). Here, measurements are taken in a well developed surface layer and observation levels are far

apart from surface and boundary layer top and their effects.

Overall, the average biases of the Pena et al.| (2010) approach are closer to zero than those of the
Gryning et al.|(2007)) approach. The wind speeds are underestimated in most stability categories (very
unstable, unstable, neutral, and near stable) by both models. In near unstable and stable stratification
however, the bias of the Pena et al.|(2010) model is positive in some heights, which indicates an over-
estimation of wind speed. Although the error estimates of the|Pefia et al.|(2010) model are smaller than
those of the|Gryning et al.|(2007) approach, the model of |Pena et al.|(2010) still mostly underestimates
the wind speed in all heights.

Because the height of the boundary layer is only estimated from the turbulent flux of momentum in
the surface layer, it is only a rough approximation of reality. This is visible in particular in stable
cases, when the top of the boundary layer can be below the highest measurement level at the Wet-
termast Hamburg. This results in height dependency of the model errors when comparing those with

observations. To rectify this, observations of boundary layer height is needed.

At levels close to the ground (10 m at Wettermast Hamburg), varying zo results in larger RMSEs| than
variation in atmospheric stratification. However, in 110 m errors due to stability variation are larger
than those due to zo variations. In general, values increase with height. However, errors of
different stratification categories spread stronger at higher levels, whereas the spread of due to
different surface roughnesses decreases at higher levels.
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Mixing length models are able to predict wind speeds reasonably well. However, the quality of model
results in lower levels (< 110 m) depends more on roughness length. At higher levels (> 110 m) the
quality of model results depends more on stratification. In 110 m, the error spread is of the same order
for both.

This shows that for wind speeds estimations at levels close to ground, a correct representation of
surface roughness is most important. The higher the level of predicted wind speed the more important
the correct stability classification becomes. No considerable improvement of the Pefia et al| (2010)
model over the (Gryning et al.| (2007)) model can be found when trying to estimate wind speeds at the

Wettermast Hamburg.

How large are uncertainties of wind speed estimations at levels in the order of current and future
wind turbine hub heights?

Observations at the Wettermast Hamburg can be used to estimate characteristics of the wind profile at
the order of hub and rotor heights of wind turbines in heterogeneous terrain. Measurements at 110 m
are approximately taken in the level of current large wind turbines. Since a further increase of hub

heights is expected in future, conditions in this level are of great interest.

In 110 m, variation of surface roughness in neutral stratification has a relatively small impact compared
to the impact of varying atmospheric stratification. The wind speed in this height is sensitive to both
variation of upper layer stability and lower layer stability. If upper layer stability deviates from lower
layer stability and this is not considered in wind speed estimations, wind speed in 110m is always

overestimated. In some cases the true wind speed can be around 30% smaller than assumed.

Mixing length models by |Gryning et al| (2007) and |Pefia et al.| (2010) represent the wind speed in
110 m reasonably well. In fact, the errors between model results and observations are often smallest
in this height. In unstable stratification, model results fit the observations best and the relative

[mean square error] (RMSE) between modeled and measured wind speed ranges between 16 and 21%

for unstable categories. Wind speed estimation in stable stratification on the other hand, has the largest
errors with relative of up to 33% in 110 m.

To investigate wind speed gradients (wind shear) over the span of wind turbine rotors, the observations
between heights 50 m and 175 m are analyzed closer. At current hub heights of 80 to 100 m and rotor
diameters of around 100 m and up to 150 m measurements at these heights are a good representation

of the conditions which wind turbine rotors are in.

As mentioned above, wind shear in this height range is mainly influenced by variation in atmo-
spheric stratification. It can range between 0.2ms~! (at neutral stratification in upper levels) and

upto4.1m s~! (in stable stratification).
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In summary, to estimate wind speed at hub heights and the height range of wind turbine rotors, it
is necessary to assess atmospheric stratification as correctly as possible. Notably, not only the strat-
ification in lower layers is important for this assessment, but with increasing observation height, the

stratification in upper layers becomes more and more important as well.

Outlook

Several studies mention that at heterogeneous terrain, the roughness length is rather an integrated
quantity over the whole upstream domain than a representation of one particular surface (Wieringal,
19865 [Schmid and Oke| |1990; |Verkaik and Holtslag, 2007). The derivation of roughness length zg
from logarithmic wind profiles in this thesis has been adapted to take into account the particular
conditions at this site. To this end, the wind profile description is extended with a linear term. It would
be interesting to test this method of estimating zo also at other tall masts in heterogeneous terrain,
to verify that this method remedies the challenges of heterogeneous surface conditions at tall masts.
To accomplish this, observations from meteorological towers in Cabauw (van Ulden and Wieringal,
1996)), Karlsruhe (Kalthoff and Vogel,|1992), or Boulder (Korrell et al., [1982) could be used.

The boundary layer during stable stratification can be rather shallow. This has been mentioned in the
discussion of observed wind profiles and model results. To determine the location of measurement
heights within the boundary layer, additional information about the height z; of the boundary layer
top is necessary. This could be derived from radio soundings, Sodar or Lidar measurements (Emeis
et al., 2008; Beyrich and Leps, |2012). The closest operational radio soundings are released at 80 km
distance from the site. Since the boundary layer is a feature of the atmosphere that is highly affected
by local conditions, these would not result in a good representation of the boundary layer height at
the Wettermast Hamburg site. Therefore, determination of boundary layer height from remote sens-
ing measurements would be a possible solution to get continuous estimates of boundary layer height.
Eresmaa et al.| (2006) and Miinkel et al.| (2007) proposed a method to determine height of the con-
vective boundary from ceilometer measurements. Haeffelin et al.| (2012) outline different methods
of determining boundary layer height from remote sensing also for stable boundary layers. In 2011
several remote sensing instruments were deployed at the Wettermast Hamburg site. Deriving bound-
ary layer heights z; from measurements of those instruments could expand the data set during that
time. This would provide more insight about the structure of wind profiles with respect to the whole

boundary layer. Corresponding analyses of observed and modeled wind profiles could be executed.

In this thesis some interesting effects are found that cannot be explained ultimately. The reason for the
frequent occurrence of southeasterly winds during stable stratification remains unclear. To determine
the horizontal and vertical extent of this phenomenon, additional temperature and wind measurements

at several heights in the immediate vicinity and at greater distances would be helpful. Furthermore,
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it remains unclear what ultimately causes the observed neutral wind profiles to deviate from the log-
arithmic profile shape in some directions but not in others. It has been mentioned that changes of
surface roughness could cause development of internal boundary layers. Floors et al. (2011b) inves-
tigate the influence of internal boundaries on the wind profile at a site at the west coast of Denmark.
They mention that internal boundary layers impact the wind profile at this site considerably. Since
internal boundary layers as a reason for the deviating shape cannot be ruled out, it might be worth-
while to investigate those further. Additionally, in combination with the above mentioned derivation
of boundary layer height, it could also be analyzed if a relation between those profiles and varying
boundary layer heights exist.

The wind profile models by |Gryning et al.|(2007) and|Pena et al.| (2010) rely on empirically determined
parameters. In case of the|Gryning et al.| (2007) model also a subset of the Wettermast Hamburg data,
including Obukhov length from eddy covariance measurements, was used to derive these parameters.
In the course of this thesis it has been determined that data from eddy covariance measurements are
relatively uncertain. It might therefore be worthwhile to explore the derivation of these parameters

with recalculated stability parameters.

Overall, this thesis gives deeper insight into the processes that shape the boundary layer wind profile.
In future, this can help to improve wind speed predictions especially in levels above the surface layer,
which are increasingly important for wind energy assessments. More knowledge about the relevant
processes allows to assess possible sites and to predict yields more accurately. Therefore, power gen-
eration from wind energy can become more efficient and a larger fraction of human’s energy demands

can be covered by renewable energy sources.
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Definitions and Formulas used

Some definitions and methods that are used throughout this thesis are summarized in this appendix

for reference.

A.1 Statistical Measures

Statistical moments are used to characterize a distribution throughout this thesis (Steland, [2010)).
When measurements of a quantity x are taken, they commonly form a distribution of values. The
central value of this distribution is described by the arithmetic mean X. Variability within the distri-
bution is characterized by standard deviation o,; the symmetry (or asymmetry) of a distribution is

described by skewness s,. The arithmetic mean x of a quantity x is calculated by:

Xi . (Al)
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Here, n is the sample size and x; are the individual measurements. The standard deviation o, as a

measure of variability of x:
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Larger values of standard deviation indicate larger variability of the quantity’s distribution. Asymme-

try of a distribution is described by skewness s,:
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For values of s, > 0 the distribution is right-tailed, indicating some extreme values to the right of the

distribution, whereas s, < 0 indicates a left-tailed distribution with some extreme values to the left.
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A.2 Pearson’s Correlation Coefficient

The correlation between two quantities x and y are determined using Pearson’s correlation coefficient

(Trauth, [2007):
1 (i —X) (i — )

r=
VEL (=3P T i -9

Itis r = 1, if both variables are perfectly correlated (i.e. a linear relation between the two). If they are

(A4)

not linearly correlated at all, this results in r = 0.

A.3 Bootstrap Resampling

If statistical measures of a distribution are calculated, an uncertainty regarding the representativeness
of this measure for the true distribution remains. The true distribution of measurements in environ-
mental measurements is never known. Therefore, data resampling can provide a method to estimate

the accuracy of calculated values.

In this thesis, bootstrap resampling (Efron, [1979) is used. To this end, sampling with replacement is
conducted from all measurements and the statistical measure of interest (for example the average) of
the resampled data is calculated. This is executed 100000 times to minimize the effect of random
resampling errors. From this data resampling a distribution of calculated values is obtained. To assess
the variability of this distribution, measures of variation can be calculated. If the standard deviation
is used, this gives an estimate of the range in which the true statistic measure (i.e. average) lies with
68.2% probability.

Good! (2006) points out that for small sample sizes the resample data set may not represent the true
data well. They recommend a minimum sample size of 100 for this method. This requirement is met in

almost all stability categories in Section[5.4.2] Alone the (vslvs) category consists of only 15 samples.
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