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Abstract

This publication synthesizes the results of the WIPAFF (WInd PArk Far Fields) project. WIPAFF focused on
the far field of large offshore wind park wakes (more than 5 km downstream of the wind parks) located in the
German North Sea. The research project combined in situ aircraft and remote sensing measurements, satellite
SAR data analysis and model simulations to enable a holistic coverage of the downstream wakes. The in situ
measurements recorded on-board the research aircraft DO-128 and remote sensing by laser scanner and SAR
prove that wakes of more than 50 kilometers exist under certain atmospheric conditions. Turbulence occurs
at the lateral boundaries of the wakes, due to shear between the reduced wind speed inside the wake and the
undisturbed flow. The results also reveal that the atmospheric stability plays a major role in the evolution
of wakes and can increase the wake length significantly by a factor of three or more. On the basis of the
observations existing mesoscale and industrial models were validated and updated. The airborne measurement

data is available at PANGAEA/ESSD.
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1 Introduction

Wind park wakes have found increasing interest in re-
cent years, when industry and authorities have started
to plan wind parks closer together for good reasons
(e.g. nature conservation, bundling of grid access, pub-
lic acceptance), especially in offshore regions. As wind
parks are built to extract kinetic energy from the atmo-
sphere, downwind wake regions form behind turbines
and wind parks, characterised by reduced mean wind
speed and enhanced levels of turbulence (LISSAMAN,
1979). Both effects downgrade the conditions for down-
stream turbines and wind parks and are thus relevant
for the expected power output from and the endurance
of the installations. However, a deeper understanding of
the physics of atmospheric flow in wind park wakes is
needed to obtain better operational forecasts of wind en-
ergy production or scenario simulations (VEERS etal.,
2019; ROHRIG et al., 2019).

We distinguish here between the near wake of wind
parks (a few hundreds of metres to a few kilometres be-
hind the parks) where the effects of single turbines are
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clearly discernible, and the far wake (about five kilome-
tres and more behind the parks) where the wakes of the
single turbines have merged into a more or less uniform
park wake (e.g. L1 and LEHNER, 2013a). Most research
on wakes so far has focused on near wakes behind sin-
gle turbines and on wake interactions from a larger num-
ber of turbines within one and the same wind park (e.g.,
MARrTINEZ-TossAs et al., 2015; TRABUCCHI et al., 2015).
Only some experimental and recent numerical studies
consider the wakes of entire wind parks and the impact
of far wakes on neighbouring downwind wind parks on a
larger spatial scale (e.g., CHAVIAROPOULOS, 2013; Ny-
GAARD and HANSEN, 2016; SCHNEEMANN et al., 2019).
The impact of far wakes from offshore wind parks on
the regional climate has only been addressed in isolated
studies (e.g., BOETTCHER etal., 2015) with hardly any
definite conclusions. Recent studies for onshore wind
parks found similar effects of the impact PrRYOR etal.,
2018. Wind park far wakes are of particular interest
for offshore installations, because turbulence intensity —
which is the main driver for wake dissipation — is much
lower over the ocean than over land. Therefore, wakes
behind offshore wind turbines and wind parks are ex-
pected to be much longer than behind onshore wind
turbines and parks (see e.g., BARTHELMIE etal., 2007;
PORTE-AGEL etal., 2020). Analytical studies (EMEISs,
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2010; EMEIs, 2018; PORTE-AGEL et al., 2020) as well as
numerical simulations (e.g. FiTcH etal., 2012) have pre-
dicted these prolonged wind park wakes as well. Wake
lengths up to about 100 km were found in these simu-
lations (FitcH etal., 2012). Observational evidence of
such long wakes has been available only indirectly so
far from the evaluation of satellite data (CHRISTIANSEN
and HASAGER, 2005).

In situ measurements of the far wakes were missing
before the initiation of the research project WIPAFF
(WInd PArk Far Fields), the main results of which are
reported here. WIPAFF has been funded by the German
Federal Ministry for Economic Affairs and Energy and
ran from November 2015 to April 2019. The main goal
of WIPAFF (EMEIs et al., 2016) was — for the first time —
to perform a large number of in sifu measurements from
aircraft operations at hub height behind wind parks in
the German Bight (North Sea), to evaluate further SAR
images and to update and validate existing mesoscale
and industrial models on the basis of the observations.
First results from WIPAFF aircraft operations have been
reported by PLATIS etal. (2018).

This publication is designed to give an integrative
overview on the results of WIPAFF. Results from the
evaluations of the different measurement and modelling
efforts in the project (see EME1s et al., 2016; DjaTH et al.,
2018; PrATIS etal., 2018; SIEDERSLEBEN etal., 2018b;
SIEDERSLEBEN et al., 2018a; SIEDERSLEBEN et al., 2020;
LaMPERT etal., 2020; PLATIS etal., in review; DJATH
and SCHULZ-STELLENFLETH, 2020; CANADILLAS etal.,
2020) are put into a common perspective. The airborne
data set of the WIPAFF project is accessible to the
community via the PANGAEA database (BARFUSS et al.,
2019; LamperT etal., 2020). Section 2 gives the initial
hypotheses of the project and Section 3 briefly reviews
methods and their state of the art at the beginning of the
project. The main results of WIPAFF are summarized in
Section 4. Section 5 concludes the study and prepares an
outlook to further necessary research.

2 The WIPAFF project’s initial
hypotheses

Wind turbines generate rotating wake vortices in which
wind speed, turbulence intensity and turbulent fluxes
are modified compared to the undisturbed flow. In a
wind park with many wind turbines arranged in a tight
grid, theses single wakes are considered to superimpose
each other (MARTINEZ-TossAs etal., 2015; TRABUCCHI
etal., 2015). For the successful planning of further off-
shore parks, it is therefore crucial to identify the param-
eters that affect the wake development. There have been
some model approaches of varying complexity that sim-
ulate these wake processes (FRANDSEN, 1992; EMEIS and
FRANDSEN, 1993; VERMEER etal., 2003; EmEIs, 2010;
FiTcH etal., 2012; FIEDLER and ApAMS, 2014; VOLKER
etal., 2015). A validation, however, of these models has
not yet been available so far due to the lack of large off-
shore wind parks. With the installation of the first large
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wind park cluster in the German Bight in the recent
decade, this has become possible now. The WIPAFF
project aimed to understand the wake development in
the lee of wind parks, the corresponding decay dynam-
ics and the size and impact of the wakes downstream of
entire offshore wind parks by considering all influencing
parameters. In the following, we address the four initial
hypotheses of the WIPAFF project.

2.1 Hypothesis 1: Wake appearance is related
to atmospheric stability

The most efficient mechanism for wake recovery is the
vertical transfer of momentum from higher atmospheric
layers downwards by atmospheric turbulence (EMEISs,
2010; ABKAR and PORTE-AGEL, 2015a; etal., 2015a;
EMmETs, 2018). Because of the small surface friction and
weak temperature gradients over the sea, much less me-
chanical turbulence is produced compared to onshore
sites (SMEDMAN etal., 1997; etal., 2015b) and, hence,
longer wakes are expected. For this reason, surface
roughness and atmospheric stability are regarded to be
the decisive parameters governing the generation of tur-
bulence and thus the wake recovery (BARTHELMIE et al.,
2009; BARTHELMIE and JENSEN, 2010; HANSEN etal.,
2012; Wu and PoRTE-AGEL, 2012; CHAVIAROPOULOS,
2013).

Wakes of several tens of kilometres were expected
to be especially pronounced at offshore locations dur-
ing stable conditions (HANSEN etal., 2012). This pre-
sumption of the existence of far wakes was supported
by observational hints of long reaching wakes on satel-
lite images of the sea surface from synthetic aperture
radar (SAR, Figure 2). In stable stratifications, long
wakes with a length exceeding 20 km have been assessed
from synthetic aperture radar data (CHRISTIANSEN and
HASAGER, 2005; L1 and LEHNER, 2013a).

In addition to the fact that stability may play a very
important role in the generation of far wakes, stud-
ies such as FRANDSEN etal. (2006); PORTE-AGEL et al.
(2014); PorTE-AGEL etal. (2013); BARTHELMIE etal.
(2009) showed that the wake intensity within the wind
park depends crucially on the wind direction and the
park layout. A larger initial wind speed deficit is ob-
served when the wind direction is parallel to the tur-
bine rows and the turbines are aligned. This larger initial
wind speed deficit was expected to cause longer wakes
according to EMEIs (2010).

2.2 Hypothesis 2: Wakes are associated with
increased turbulence

Besides the reduction of the wind speed in the wake,
turbulent effects, such as high turbulent kinetic energy
(TKE) and increased momentum flux were expected.
The degree of atmospheric turbulence impacts the effi-
ciency and fatigue loading of a wind turbine (LEE et al.,
2012). Two factors were considered responsible for the
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production of turbulence. Firstly, the rotating wake vor-
tices by the wind turbines and secondly, the production
of turbulence as a result of the mixing of the wake and
its decelerated wind field with the undisturbed flow. So
far, mesoscale numerical models parameterize wind tur-
bines as elevated moment sinks, and some of them as a
source of TKE (BLAHAK etal., 2010; FitcH etal., 2012;
ABKAR and PORTE-AGEL, 2015b; VOLKER etal., 2015).
In large-eddy simulation (LES) studies and wind-tunnel
experiments, these effects were determined at a distance
of almost 20 times the wind turbine rotor diameter d
(20d) (Wu and PorTE-AGEL, 2012). However, a vali-
dation with in situ measurement data has not yet been
carried out, except in VOLKER etal. (2015) who used
tower measurements collected during neutral conditions
to evaluate the wind parks parameterizations of FITcH
etal. (2012) and VOLKER etal. (2015).

2.3 Hypothesis 3: Wakes have the potential to
impact other wind parks downstream

For an optimal use of the marine areas, wind parks are
constructed at favourable locations and in clusters in or-
der to minimize the expense of grid connections and due
to other constraints like military zones, pipelines, and
nature preserves. However, the close proximity can un-
dermine power production in other wind parks down-
stream, due to wakes from upwind wind parks, causing
an economic loss (KAFFINE and WORLEY, 2010; Ny-
GAARD, 2014; NYGAARD and HANSEN, 2016; BODINI
etal., 2017; LunpQuisT etal., 2019). Simple analytical
models and first studies confirmed that especially during
thermally stable stratification wakes have an impact on
downwind wind parks reducing their efficiency.

2.4 Hypothesis 4: Wakes impact local climate

Large wind farm impose an obstacle in a flat environ-
ment, which decelerate the flow locally associated with
a flow-around and overflow effects. As a result, the tur-
bulent fluxes and heat in the atmospheric boundary layer
(ABL) may change.

It was already known that onshore wind parks can
impact the near surface temperature, and the turbulent
fluxes of sensible heat, CO;, and water vapour (latent
heat) (e.g. Roy and TRAITEUR, 2010; ZHOU etal., 2012;
RAJEWSKI etal., 2013; RAJEWSKI etal.,, 2014; ARrRM-
STRONG etal., 2016). For example, ZHOU etal. (2012)
observed a warming of 0.5 K in the vicinity of onshore
wind parks, especially during nocturnal stable condi-
tions. But only a few studies have investigated the poten-
tial effect of offshore wind parks on the marine boundary
layer (MBL). These studies were motivated by visible
cloud effects as they were seen in photos taken at a wind
park at the coast of Denmark (EmEis, 2010; HASAGER
etal., 2013; HASAGER etal., 2017), indicating fog for-
mation and dispersion due to enhanced mixing and adi-
abatic cooling downwind of wind parks. Associated with
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enhanced mixing, FOREMAN et al. (2017) reported a de-
creased sensible heat flux downwind of a small offshore
wind park during stable conditions in the German Bight
by using eddy-covariance measurements of heat and hu-
midity fluxes at the research platforms FINO1 mast.

Also numerical simulations have indicated a change
in air temperature and humidity in the downwind direc-
tion of offshore wind parks. VAUTARD et al. (2014) iden-
tified increased temperatures in the area of offshore wind
parks in their simulations, whereby WANG and PRINN
(2011) reported a potential cooling effect in the vicinity
of offshore wind parks due to an increased latent heat
flux. These thermal effects were not investigated by field
measurements, so far. Therefore, in the framework of the
WIPAFF project, their spatial extent was investigated to-
gether with the possibility that larger wind parks may
have an influence on the local climate.

3 Methods used in the WIPAFF project

3.1 Airborne Data

Airborne in situ data were collected with the research
aircraft Dornier DO-128 operated by the Technische
Universitat Braunschweig, Germany. 41 measurement
flights over the German Bight during the WIPAFF
project during 2016 and 2017 delivered (in general at
a sampling frequency of 100 Hz) 3D wind vector, tem-
perature, humidity, and sea surface-temperature. A de-
tailed explanation of the used measurement instruments
and the aircraft can be found in CORSMEIER et al. (2001);
PraTis etal. (2018); LaMPERT etal. (2020). The start-
ing points of the flights were Wilhelmshaven, Borkum
or Husum airport, respectively. A typical flight pattern
to capture the wakes is displayed in Figure 1 is the so-
called "meander pattern”, with several flight legs at hub
height (at about 100 m above sea level) positioned down-
stream of the wind-park cluster. The data is freely avail-
able from BARFuUSS et al. (2019) and further explained in
LAMPERT et al. (2020).

Besides the meteorological in situ data, a downward-
looking scanning lidar system measuring the distance
aboard the research aircraft recorded the sea-surface
state for deriving the shape and distribution of the sea
waves, and for characterizing the far-field wakes.

3.2 Satellite information for retrieving surface
properties

Active microwave radar sensors such as Synthetic Aper-
ture Radar (SAR) are powerful instruments for sunlight
and weather independent measurements of the ocean
surface roughness at high spatial resolution. The ca-
pability of SAR to provide information on offshore
windpark wakes has been amply demonstrated (CHRIS-
TIANSEN and HASAGER, 2005; L1 and LEHNER, 2013a;
DiaTH etal., 2018). Far field wake effects of more than
10 km downstream of offshore wind parks have for the
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Figure 1: Distribution of offshore wind parks in the German Bight as of December 2017. Blue regions are parks currently in operation,
red indicate parks still in the approval process. Orange regions are those wind parks that are under construction. The red line within the
close-up indicates the area where typically the vertical profiles where flown to capture the atmospheric stratification in close vecinity to the
wind farm. The map is adapted from data of the German Federal Maritime and Hydrographic Agency (BSH) and adapted from PLATIS et al.,
2018. The magenta and grey colored crosses show locations of climb flights as indicated in Figure 16.

first time become evident based on the analysis of SAR
images (CHRISTIANSEN and HASAGER, 2005; LiN etal.,
2008; L1 and LEHNER, 2013b). In the WIPAFF project,
SAR revealed changes of surface properties downwind
of wind parks, expanding the airborne observations to a
scale beyond 100 km.

SAR measures near surface wind fields in an indi-
rect way through the small scale roughness of the sea
surface. The wind influences the sea surface by gener-
ating cm-scale roughness, which is captured by active
microwave sensors due to the Bragg-scattering princi-
ple. Low image intensities thus indicate areas of reduced
wind speed.

Sentinel-1A (launched in 2014) and Sentinel-1B
(launched in 2016) are twin satellites that provide SAR
data in the German Bight on a regular basis. They were
launched into a sun-synchronous orbit and operate at
C-band (5.405 GHz) at vertical receive and transmit po-
larization (VV). Each satellite has an exact repeat cy-
cle of 12 days for the same imaging geometry (i.e., in-
cidence angles and area covered are identical), but can
provide data for a particular spot at one or two day in-
tervals, if different imaging geometries are acceptable.
Thus, the combination of both satellites provide an im-
age every 6 days with identical geometry. The estimation
of wind speeds from SAR requires the radiometric cal-
ibration of the SAR raw data and the inversion of a so
called geophysical model function (GMF) (HERSBACH
etal., 2007; VERHOEF et al., 2008). Wind direction infor-
mation can be retrieved either from SAR image struc-
tures or alternatively external sources (e.g., atmospheric
models) are used.

Wind speed deficits were estimated from SAR using
a technique proposed in CHRISTIANSEN and HASAGER
(2005) and a new filter approach described in DJATH and
ScHULZ-STELLENFLETH (2020). The overall challenge
in this application is the estimation of the undisturbed
background wind speed, which is not available at the
exact location of the wake. The use of wind speeds in
neighbouring areas as a proxy leads to certain errors,
which depend on spectral properties of the background
wind field and which are discussed in more detail in
DiATH and SCHULZ-STELLENFLETH (2020).

A spectral analysis of wind fields in the German
Bight was conducted as follows. SAR scenes from both
satellites were collected for the period September 2016
to December 2017. The occurrence of wakes around
the wind park Amrumbank West was analysed (Fig-
ure 1). Only the scenes that included the entire Am-
rumbank West were considered and overall, 177 scenes
were collected. Wave-number spectra were then com-
puted from the SAR derived 10 m-wind speed maps.
Wind field data were classified considering the stabil-
ity conditions based on the thermal stratification from
FINO1 data. Wind fields associated with stable con-
ditions (STA) and unstable conditions (NOSTA) were
considered. A 2D spectral analysis was applied to a
square box of 320x320 grid points (with a grid spac-
ing of 300 m, i.e. spatial resolution) aside the wind tur-
bines (see blue box in Figure 2). Using this area, a wave-
length range between 0.6 km and 100 km is covered. A
2D Fast Fourier Transform (FFT) was applied to the
SAR derived wind fields after the mean was removed.
The resulting 2D wavenumber spectrum was scaled in



Meteorol. Z. (Contrib. Atm. Sci.)
29, 2020

such a way, that integration of the entire spectral do-
main equalled the total variance of the wind field. As
the wavenumber and directional dependency were also
analysed, the spectra were interpolated from the original
2D Cartesian grid to a polar grid. The 1D spectrum was
then computed by integrating over all directions.

Besides the observational data, different (numerical)
model types were used to investigate the far field of
offshore wind parks.

3.3 Mesoscale model and wind-park
parameterizations (WPPs)

All mesoscale numerical simulations were performed
with the Weather Research and Forecasting Model WRF
(version 3.8.1). We used the wind park parameterization
of FITcH et al. (2012) to simulate the wakes of offshore
wind parks in the German Bight. Wind park parame-
terizations (WPPs) allow one to simulate the impact of
several wind parks on the marine boundary layer due
their low computational costs. Nowadays, offshore wind
parks cover an area on the order of 100 km? and the cor-
responding wakes exceed 50 km downwind (Figure 2).
Consequently, large offshore wind parks affect a large
area, hence, high resolution large-eddy simulations cov-
ering the wake area and the corresponding wind park are
computationally too expensive to estimate the economic
potential loss of planned offshore wind parks or the re-
gional climate impact of wind parks. For such purposes,
WPPs are a suitable tool.

The wind park parameterization of FitcH etal.
(2012) extracts momentum from the mean flow at the
rotor area and adds TKE at rotor height. In contrast,
others (e.g. JACOBSON and ARCHER, 2012; e.g. VOLKER
etal., 2015) do not add any TKE as they assume that
the TKE develops due the resolved shear. However,
both approaches simulate wakes of offshore wind parks
with a length exceeding 50 km during neutral conditions
(VOLKER etal., 2015).

Evaluation studies testing the performance of WPPs
for offshore wind parks during stable conditions are rare.
HAsAGER etal. (2015) compared SAR retrieved wind
speed to mesoscale simulations. VOLKER etal. (2015)
tested their WPP and that of FitcH etal. (2012) with real
case data using idealized simulations. However, all these
evaluation studies were either based on remote sensing
data allowing only an evaluation of the wind speed 10 m
above mean sea level (msl) or on idealized simulations
omitting moisture effects and assuming a stationary in-
flow. Therefore, studies investigating the performance of
WPPs for real case simulations are necessary.

3.4 Analytical model

Analytical wind park models for the assessment of
wakes can be constructed in two ways. These models are
either bottom-up models which are based on overlays of
several single-turbine wakes (the description of which
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dates back to JENSEN, 1983) or they are top-down mod-
els which consider wind parks as a whole, e.g., as an ad-
ditional surface roughness, as an additional momentum
sink or as a gravity wave generator in association with
a temperature inversion aloft at the top of the bound-
ary layer (for the latter idea see SmiTH, 2010), which
modifies the mean flow above wind parks (NEWMAN,
1977; BossaNyI etal., 1980; FRANDSEN, 1992). Such
models have analytical solutions which make them at-
tractive, although they necessarily contain considerable
simplifications. Nevertheless, they can be used for first-
order approximations in wind park design. Furthermore,
a significant advantage of top-down models that they im-
plicitly include the ‘deep array’ effects (BARTHELMIE
and JENSEN, 2010). Wind turbines in a large array in-
fluence the flow in the atmosphere above the wind farm
(CHAMORRO and PORTE-AGEL, 2011). It has been pro-
posed that this prevents the entrainment of momentum
from the air above the wind farm, restricting the wake
recovery (NYGAARD, 2014).

The analytical wind park model of EmEIs (2010) is
an extension of earlier ideas documented in FRANDSEN
(1992) and EmEls and FRANDSEN (1993). An updated
version which additionally includes the turbulence gen-
erated by the turbines in the wind park itself is docu-
mented with all equations in Chapter 6 of EMEIS (2018).
The basic idea of this model is that the overall mo-
mentum consumption of the turbines in very large wind
parks, which is proportional to the drag coefficient of
the turbines and the wind speed at hub height, can only
be compensated for by a turbulent momentum flux from
above. This leads to an analytical equation for the re-
duced horizontal wind speed at hub height in the inte-
rior of large wind parks. In the wake behind such large
wind parks the wind speed at hub height can only re-
cover again due to a turbulent momentum flux from
above. This leads to an exponential function for the wind
speed recovery at hub height in the wake. The length
of the wake is arbitrarily defined as the distance behind
the wind park where the wind speed has recovered to
more than 95 % of the undisturbed value ahead of the
wind park. We note that the decay coefficient used here
is not the wake decay coefficient (WDC) used in the
quadratic decay function of JENSEN (1983). In this an-
alytical model the wind speed reduction at hub height
within a large wind park is given as a function of the
areal density of turbines in the park, (sea) surface rough-
ness, turbine-induced turbulence and the thermal stabil-
ity of the atmospheric boundary layer. The wake length
in the analytical model depends on the reduced wind
speed right after the wind park and the latter three pa-
rameters mentioned before. The park layout, i.e., the
spatial arrangement of turbines within a wind park, is
not covered by this analytical model.

3.5 Engineering models

Engineering models are widely used in the wind energy
industry due to their low computational costs and ease
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of use to account for wind park wakes. Direct wakes
of each individual turbine are simulated with the ‘mod-
ified PARK’ model (KaTic etal., 1987). Alternatively,
the ‘Eddy Viscosity’ model AINSLIE (1988) could be
used. Experience shows that the differences between the
two models are particularly relevant in the first kilome-
ters behind the wake-generating turbine. Since in the
WIPAFF context, however, the effects beyond 10 km on
the lee side of the wind park are particularly relevant,
the ‘modified PARK’ model is used here due to the sig-
nificantly shorter computing time.

In large (offshore) wind parks, the turbines cannot be
regarded as independent of the free wind field. Rather,
they extract momentum from the wind and therefore act
like an area with increased roughness. This results in the
formation of an internal boundary layer (IBL) with re-
duced wind speed behind each turbine. The exact shape
of the IBL and the resulting wind speed reduction de-
pends on the orientation of the wind park layout relative
to the wind direction (DNV-GL, 2013a).

Both (the ‘modified PARK’ model combined with
an IBL) together allow a reasonable simulation of the
wake in offshore wind parks and wind park clusters
and are often used in this combination for the deter-
mination of wind park yields. Importantly, as the indi-
vidual turbine wake and IBL models have been devel-
oped assuming neutral conditions, stratification needs
to be explicitly accounted for by tuning the parameters
of these models to match the observations (PENA and
RATHMANN, 2014) and to get an accurate estimation of
energy production.

4 Results

In the following the four hypotheses described in Sec-
tion 2 are tested.

4.1 On hypothesis 1: Wake Appearance

4.1.1 Appearance of wakes from SAR and
airborne data

28 out of the total 41 flights during the WIPAFF project
included a flight strategy which allowed for the deter-
mination of wakes behind wind parks. For 12 out of the
28 flights, the wake length, defined as the distance to
95 % recovery of the wind field, exceeded the length of
the flight meander pattern and for two flights the wake
length was observed to be shorter than the downwind
distance of the first measured leg. The observed wakes
within the WIPAFF campaigns range from nearly 0 km
in unstable atmospheric conditions to over 65 km in at-
mospheric stable conditions (see for further results and
discussion Section 4.1.2). The flow inside the wakes was
reduced up to 43 % compared to the undisturbed flow,
two examples are shown in Figure 4 and 10a).

In addition to the airborne observations, wakes
were identified by the analysed surface roughness and
backscatter signal (Normalized Radar Cross Section —
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Figure 2: NRCS from Sentinel-1A acquired on 27 May 2019 at
05:49 UTC (Copernicus Sentinel data [2019]). Dark streaks in East-
West direction behind the wind parks represent atmospheric wakes.
Strong atmospheric related NRCS modulation are also found in
North-South direction. The blue box was used for the estimation
of 2D wavenumber wind spectra. The red arrow indicates the wind
direction.

NRCS) from SAR Sentinal — 1A and 1B observations,
e.g. Figure 2. The images exhibit darker streaks down-
wind of wind parks and brighter features at the edges of
the wakes, which indicate that surface roughness is re-
duced downstream of wind parks, and increased along
the edges of the wind parks. An example of recent
Sentinel-1A SAR image on 27 May 2019 in Figure 2
shows the wakes through the east-west oriented dark
streaks behind the wind parks and are in line with the
wind direction coming from West. The wind direction
is given by the German weather service (DWD) that
provides hourly weather data. The wake behind individ-
ual wind parks are longer than 30 km. Statistical analy-
sis from SAR data and atmospheric stability by DJATH
etal., 2018 showed wakes longer than 50 km and also
revealed that the wakes are longer for stable conditions.
Overall, from the total 177 collected scenes between
2016 and 2017, 38 % of them show wakes downstream
of offshore wind parks. The case with missing wakes on
SAR could be related to either strong atmospheric insta-
bility or the fact that the wind farms are not in operation.

4.1.2 Longer wakes during stable stratification

Experimental observations by SAR and aircraft indi-
cated that the wake length depends on the stability of
the surrounding atmospheric flow. Therefore, a detailed
correlation analysis was performed in order to quantify
the effect of different stability definitions on the wake
length.

A layer is considered as stable, when vertical mo-
tion is suppressed, and as unstable or convective, when
vertical motion is enhanced (StuLL, 2012). By theory
and as outlined in EMEIS etal. (2016), it is typical over
the ocean for the northern hemisphere in the temper-
ate west-wind belts that warm sector winds most fre-
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quently come from the south-west and thus are followed
by rather stable conditions, whereas cold-sector winds
come from the north-west and predominantly bring con-
vective conditions. For the German Bight, long term
studies conducted during recent years support these as-
sumptions (WESTERHELLWEG et al., 2010; SATHE, 2010;
MuNoz-EsPARZA et al., 2012; EMEISs et al., 2016).

A common stability parameter is the static stability or
lapse rate vy, which takes solely buoyancy into account.
The lapse rate is defined by the derivation of the virtual
potential temperature 6, with respect to the vertical co-
ordinate z, and can be approximated by the temperature
difference A8, between two levels separated by height
difference Az:

6, A6,
YT T Az

Thus, vy is negative during convective conditions and
positive for stable cases.

Common parameters that express dynamic stability,
considering both buoyancy and shear, are the Obukhov
length and the bulk Richardson number (STuLL, 2012;
MuNoz-EspAarRzA et al., 2012). Moreover, there are mea-
sures of the magnitude of turbulence, not considering
any thermal stratification at all. Most common in ABL
science is the turbulence kinetic energy (TKE) per vol-
ume and unit mass

4.1)

1 S— R J—
k:—-@@+w2+wﬁ (4.2)

2
taking the turbulent part of the wind speed components
into account.

We used SAR and flight data in the WIPAFF project
to investigate the correlation between stability and wake
length.

In a first step SAR scenes taken over the offshore
windpark Alpha Ventus were analysed and wake lengths
were estimated using the technique described in CHRIS-
TIANSEN and HASAGER (2005). This technique consists
of estimating the velocity deficit from two parallel tran-
sects defined such that one transect encloses the wake
area and the second transect is defined outside the wake,
which is characterised as freestream conditions. The
length at which the wind speed inside the wake has re-
covered to the freestream characterizes the maximum
length of the wake. The scenes were collocated with
estimates of the vertical gradient of potential temper-
ature obtained from the nearby FINO-1 platform. The
vertical gradient is based on the measurement of the
hourly sea surface temperature at FINO1 and the air
temperature at 50 m height. The resulting scatter plot is
shown in Figure 3. One has to emphasize that this analy-
sis only includes measurements during the early period
(2011-2015), where the Alpha Ventus windpark was not
affected by neighbouring wind farms, like it is today.
One can clearly see a relationship between increasing
atmospheric stabilities and growing lengths of the off-
shore wind farm wake. More details are given in DJATH
etal. (2018).
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Figure 3: Scatterplot of SAR derived wake lengths versus atmo-
spheric lapse rate y = AA—HZ" derived from FINO-1 data (adapted from
DiaTH etal. (2018)).

The second data source for the determination of the
stability were the airborne measurements. We used the
vertical profiles obtained during the WIPAFF measure-
ment flights close to the wind parks as marked in Fig-
ure 1 for the stability estimation. Further, to examine
the relationship between wake expansion and stability,
the wake length obtained from flight data (e.g Figure 4)
was compared to the stability parameters such as L, Rig,
and y. However, a general statement is difficult. Most
promising results were achieved using y (Figure 5a), us-
ing a height interval Az from the uppermost position of
the wind turbine blade tip (at 150 m agl for the Amrum-
bank West wind park AW, for instance) to the lowest
position (at 30 m agl for AW). Thus, the height interval
covers the entire rotor area, as this was assumed to be
the most representative height interval with respect to
the wake origin.

Looking at the distinct wind park clusters (Figure 5),
the correlation between wake length and stronger sta-
bility, as observed for the wind parks GO (Godewind)
and AW, can be approximated by two different expo-
nential functions. This is an indication that there are
more parameters that govern the wake length, in ad-
dition to stability — possibly also the wind-park archi-
tecture as considered in the analytical model. More-
over, strong stability coincides with the absence of short
wakes. In addition, there is a correlation between higher
wind speed deficit with more stable atmospheric condi-
tions (not shown), while small wind deficits occur dur-
ing more convective conditions.

Using the airborne data set of the WIPAFF project,
a distinct correlation between the wake length and the
other stability parameters L and Rig (not shown) was
not apparent. Summing up, the correlation analysis for
wake length and stability exhibits large uncertainty and
data scatter. A major problem is the exact determination
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Figure 4: Contour plot of the interpolated wind field, measured
during Flight 31 on 08 August, 2017, including the indication of the
undisturbed wind field (grey dashed lines) and the wake boundaries
(grey solid lines). The black line refers to the flight track (so-called
“meander pattern”), black dots indicate the wind turbines of the wind
park cluster Amrumbank West, Nordsee Ost and Meerwind Siid/Ost.
The mean wind direction is from the east. The top of the map is
oriented towards the west. Adapted from PLATIS etal. (in review).

of stability. A variation of e.g. the height interval for
the lapse rate y or the occurrence of an inversion below
the hub height (cf. Section 4.1.3) changes the results
significantly. A more detailed analysis will be shown in
a following study.

4.1.3 Vertical Structure of wakes

The vertical structure of the atmospheric boundary layer
approaching the wind park has a decisive impact on the
wake forming. Especially the occurrence of temperature
inversions is important. The aircraft data documented
several cases where the inversion was either below, at the
rotor area of the turbines, or above (SIEDERSLEBEN et al.,
2018b). In each of these cases a different behaviour of
the wake could be observed. The main challenge with
inversions near to or at hub height is that the thermal
stratification of the atmospheric boundary layer and the
respective level of turbulence are different below and
above the inversion. This makes it very difficult to assign
a specific thermal stratification to an observed wake de-
velopment. An inversion below the rotor area decouples
the wake development from the state of the sea surface.
An inversion above the rotor area prevents the wake
from spreading into higher parts of the boundary layer.
Inversions are quite common above the North Sea, es-
pecially if the flow comes from land upstream. Internal
boundaries form when the flow transits across the shore-
line from land to water (see, e.g., SMEDMAN et al., 1997).
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Figure 5: Scatter plots of the wake length versus lapse rate y =
% obtained from the flight measurement. The according wind
palrk is colour coded. Wakes were measured downstream of the
wind parks Amrumbank West (AW), Nordsee Ost (NO), Meerwind
Siid/Ost (MSO), Godewind (GO). Cluster implies that only one sin-
gle wake was identified downstream of the wind park cluster consist-
ing of the wind parks AW, NO and MSO. The regression lines (Reg.)
are color coded with respect to the color of the respective wind farm
cluster. The regression line is plotted is blue for the wind farm GO
green and for the AW. In the case the wake length exceeds the cover-
age of the flown meander pattern (cf. Figure 4), the non-filled marker
is used for the minimum measured wake length.

Given the distance of the North Sea wind parks from the
coast the top of this internal boundary layer is very of-
ten found in the height range of the rotor area (LAMPERT
etal., 2020). There are not only newly-formed inversions
at the top of internal boundary layers but also inver-
sions advected from the land upstream where they had
formed due to radiative cooling in the nocturnal bound-
ary layer. If these cold near-surface layers are advected
over warmer sea water, the layer underneath the inver-
sion can be turned into a neutral or even slightly un-
stable layer while the stratification above the inversion
remains more or less unchanged. The propagation con-
ditions for wind park wakes may be further complicated
by jet-like wind maxima at the top or just above the in-
ternal boundary layer (see, e.g. SMEDMAN etal., 1996).
The variety of different vertical profiles of potential tem-
perature and wind speed from 26 aircraft operations in
WIPAFF is documented in STEDERSLEBEN et al. (2018b);
LaMPERT et al. (2020) while a case study from one flight
is presented in SIEDERSLEBEN etal. (2018a). It is not
only the propagation of the wake which is determined
by the vertical structure of the air approaching the wind
parks but the vertical structure also determines whether
the air at hub height behind the wind park is warmer
or cooler than before. Figure 6 shows a schematic of
this dependence. An inversion in the upper part or just
above the rotor area associated with turbulent vertical
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Figure 6: Schematic of stability-dependent temperature change at hub height in wind park wakes (left: warming, right: cooling). Bold
vertical line: rotor disk, cone-like structure: wake, black vertical profile: initial temperature profile, red and blue curves: temperature profiles

modified by the wake. (From SIEDERSLEBEN et al., 2018b)

mixing within the wake results in a warming of the air
at that height. In contrast, an inversion in the lower part
or just below the rotor area results in a cooling of the
air at that height. In a constantly stable boundary layer
without inversions turbulent mixing within the wake will
lead to warming below hub height and cooling above
hub height. This warming below hub height is similar to
satellite observations of nocturnal surface warming be-
hind onshore wind turbines (see, e.g. X1a etal., 2017 and
references therein). Nevertheless, the observed tempera-
ture changes are merely a vertical re-distribution of heat
by the additional turbulence in the wake.

4.1.4 Wakes covered by mesoscale and industrial
models

The numerous observations of wakes allowed the evalu-
ation of wake simulations. Within the WIPAFF project,
two kind of simulations were evaluated. First of all,
mesoscale simulations using WRF and the wind park
parameterization of FircH etal. (2012) were compared
against the airborne observations. Secondly, we tested
the ability of commonly used industrial models to cap-
ture wakes of large offshore wind parks during stable
conditions. In this overview paper we focus on obser-
vations covering simulations of a wake event observed
on 10 September 2016 during atmospheric stable condi-
tions and moderate wind speed of around 8.5ms™!.

The WRF simulations captured the horizontal dimen-
sions of the wake but overestimated the vertical extent
(SIEDERSLEBEN etal., 2018a). The wake observed on
10 September 2016 extended more than 45 km down-
wind of the wind park Amrumbank West, agreeing with
the simulations PLATIS et al., 2018. However, the vertical
extent of the wake was overestimated in the simulations.
For example, a wind deficit in the order of 5 %-10 %
was observed 5km downwind of the last turbines of
Amrumbank West at 200 m above MSL. In contrast, a
wind deficit on the order of 20 % and 15 % was simu-
lated (not shown).

The simulated wind speed upwind of the wind parks
was 1.5ms'-2ms™! too low SIEDERSLEBEN etal.,
2018a. Consequently, the wind speed within the wake of
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Figure 7: Wind speed reduction relative to free wind speed (10 m/s)
in the wake of the wind park cluster Amrumbank/North Sea Ost/
Meerwind on 10 September 2016. Shown are the flight data (black
dots with error bars), the WRF simulation (blue dashed line), as well
as two wake simulated with WindFarmer: default settings (orange
solid line) and adjusted settings (blue solid line) the diamonds cor-
respond to the original measurements used to calibrate the default
WindFarmer set-up DNV-GL, 2013b.

the simulations was underestimated as well (Figure 7).
Aircraft vertical profiles of the atmosphere obtained by
climb flights revealed that the simulated stratification of
the atmosphere was too unstable at the transition area
from land to open ocean. Therefore, we suggest that the
overestimated vertical extent of the simulated wake is
rooted in a wrongly simulated stratification of the atmo-
sphere.

To compare the WRF simulation and the industrial
model (WindFarmer Version 5.2.11 was used within the
project) with the flight measurements, a methodology
similar to that described in CANADILLAS etal. (2020)
was used to extract the minimum value of the wind
speed along the wake centerline. Layouts and turbine
types were chosen identical to those used in the WRF
simulation. In WindFarmer, the model options “modi-
fied PARK” and “IBL” (internal boundary layer) were
selected. This combination is based on the best repre-
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sentation of the park effects in offshore wind parks and
clusters to determine park yields. While the wind speed
deficit in the modified PARK and Eddy Viscosity mod-
els decreases with increasing turbine spacing, this is not
the case in the IBL implementation, which is of course
unphysical. The recovery of the wind velocity deficit
from the IBL model was therefore realized by an ad-
ditional function (so-called “wake recovery function”).
Downstream of the wind farm, the wind speed recov-
ery is modelled explicitly as a power function DNV-GL,
2013a

U = 1 - (1 - Ui)o.s( =)

(9]

where X 1S the downstream distance specifying the
start of the power function, and xs59¢ is the location
where the wind speed recovery Uy has recovered to half
its initial value.

The standard parameterization of the wake recovery
function starts at xg,¢ = 60D (D is the rotor diame-
ter; here D = 120 m) behind the turbine and after an-
other xs9p4 = 40D has reduced half of the wind speed
deficit. These values were derived by WindFarmer from
mast measurements at the lee side of the Danish wind
parks “Horns Rev” and “Nysted”. With this parameter-
ization the wake curve (orange solid line) is obtained
by DNV-GL, 2013b, which is shown in Figure 7. Ap-
parently the wind speed recovers much faster with this
parameterization than measured by the research aircraft
on 10 September 2016.

A more detailed analysis shows that the measuring
masts at “Horns Rev” and “Nysted” are each installed
east of the parks, so that the park wake there can only be
determined with westerly winds. It is known from sta-
bility studies conducted at the offshore mast FINO1 that
neutral to stable stability conditions dominate in west-
erly winds (EMEISs etal., 2016). Probably the parameters
for the wake recovery function in WindFarmer were de-
termined on the basis of neutral to unstable stratifica-
tions. By contrast, neutral to slightly stable conditions
prevailed on 10 September 2016.

It is known from the observations in WIPAFF
(CANADILLAS etal., 2020) and from the analytical wake
model of Section 4.1.5, that considerably larger wake
lengths result with stable atmospheric stratification com-
pared to neutral and unstable stratification. This sup-
ports the assumption that the wake length differences
between the measurements and the standard parameteri-
zation in WindFarmer are mainly due to an incorrect ac-
counting of stability effects in the default set-up of Wind
Farmer. However, the measurements can be well repro-
duced by a different parameterization (start of wake re-
covery at 200D, 50 % recovery after another 200D) for
distances beyond 22 km from the wind park cluster (Fig-
ure 7). For further discussions, please refer to CANADIL-
LAs etal. (2020).
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4.1.5 Wake Decay Formula

Besides the numerical models, a simple analytical model
approach to determine the wake length and wind speed
recovery was validated based on the flight data collected
during WIPAFF PLATIs etal., in review. The analysis of
several different case studies (Figure 8) suggests that the
recovery in terms of the wind speed ratio (wake wind
speed to undisturbed wind speed at hub height) can be
characterized by an exponential function as expected
from the analytical model described in EmEIs (2010);
EMEIs (2018).

The advantage of the model is that the spatial behav-
ior of the reduced wind speed u,.(x) in the wake at the
downstream distance x is described in a single equation.
It solely depends on the initial wind speed deficit u,
directly downstream of the wind farm and the wake re-
covery rate a.

uy(x) = uyp + (upo — uy) exp(—ax) “4.4)
where uy is the undisturbed (free) wind speed (outside
the wake) at hub height. The wake recovery rate « is

Kin

a = @, (45)

where K, is the momentum exchange coefficient. The
height z = h + Az describes the height where the undis-
turbed wind speed is reached above the wind farm.

By testing the analytical model against the air-
borne data set, we showed in PLATIS etal. (in review);
CANADILLAS etal. (2020) that the analytical model per-
forms very well as a first-order approximation. This
strengthens the hypothesis that the vertical downward
momentum flux is the dominating factor for the wake
recovery. Best agreement of the exponential wake re-
covery curve with the observations was achieved for the
case study for Flight 31 (Figure 4). The wind data was
extracted based on the method described in PLATIS et al.
(in review) and plotted in Figure 8, showing the relative
wind speeds between the wind speed in the wake and
the undisturbed speed behind several wind farms dur-
ing which stable and homogeneous conditions prevailed.
Further results are discussed in detail in PLATIS et al. (in
review); CANADILLAS et al. (2020).

A drawback of the analytical model is the determi-
nation of the separation height between the hub height
and the undisturbed flow above the wind park which
must be specified in order to determine the decay co-
efficient in the exponential wake recovery relation as al-
ready noted by PENA and RATHMANN (2014). It is also
expected, that Az might not be constant along the wake.
Further, the impact of the park layout on the intensity
and length of the wake is only covered by the analyti-
cal model through the initial deficit. Apart from that, the
decay coefficient in the analytical model does not de-
pend on the turbine-induced turbulence left over from
the wind park, but only on the upstream conditions. As
expected by PORTE-AGEL et al. (2020) a modification of



Meteorol. Z. (Contrib. Atm. Sci.)

29, 2020
1.1 ' ' ' '
1 |
0.9 1
Rr
0.8 1
—+F—NO
0.7 ; AW 1
exp. fit
0.6
0 20 40 60 80
X in km

Figure 8: Wind speed ratio R, = Z—/’ between the wind speed in-
side (u,) and outside the wake (u,,) of flight 31 on August 8, 2017.
Dots indicate the measured ratios R, = H”T’" and the line the exponen-
tial fit according to the analytical model. Blue indicates the wind
speed analysis in the wake downstream of the wind farm Meer-
wind Siid/Ost (MSO), red Nordsee Ost (NO) and yellow Amrum-

bank West (AW). Adapted from PLATIS et al. (in review)

the atmospheric stability (e.g u.) by forming a farm-
induced internal boundary layer (IBL) is likely and has
to be considered in further editions of this model.

4.1.6 'Wakes change the sea surface

Wakes downstream wind parks are visually detectable
on SAR images and usually characterized by dark
streaks in line with wind direction (Figure 2). However,
some images show brighter areas (increase of NRCS
and thus wind speed) within the first 10 km downstream
the wind parks. An example of an increase of NRCS
downstream of the wind park is shown on Figure 9
acquired on 18 June, 2017 at 05:48 UTC during sta-
ble stratification (air temperature is 16 °C, while SST
is 15.4°C). This leads to an inferred increase of wind
speed in Figure 9b, which is an unusual behavior. The
mechanism of this behaviour is unknown. Nevertheless,
a theoretical model was proposed in DJATH et al. (2018),
which tried to explain this atypical observation by an in-
creased downward momentum flux associated with in-
creased turbulence generated by the wind park. Indeed,
the turbulence, which is generated mechanically by the
wind turbines, leads to an increase of friction velocity
and radar cross section. The turbulence slowly dissipates
downstream and after some distance the downward mo-
mentum flux is not effective any more. Mechanisms of
this kind can be expected to be most effective in at-
mospheric stable stratification with strong vertical wind
speed gradients. The SAR observations are confirmed
by airborne laser scanner observations: Within the wake,
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Figure 9: Normalised radar cross section (a) associated with sea
surface roughness as derived from a Sentinel-1B image acquired on
18 June 2017 at 05:48 UTC (Copernicus Sentinel data [2007]) and
derived near surface wind speed (b) showing an increase of NRCS
and wind speed within the first 10 km downstream Sandbank (wind
park on the left) and DanTysk (wind park on the right) wind parks.
The red arrow indicates the wind direction.

the reflectance is significantly enhanced (Figure 10c).
An explanation is the flatter surface, which reflects back
more energy of individual laser pulses, as they are only
little scattered. Further, the number of returned pulses
is reduced. A smoother surface reflects the laser pulses
more directed, reducing the probability of receiving a
reflected laser pulse.

4.2 On hypothesis 2: Wakes and increased
turbulence

4.2.1 Turbulence in the wake

The reduction of the wind speed by wind turbines leads
to an area of low wind speed which can generate large
horizontal shear at the boundary between the undis-
turbed wind field and the wake. For flights perpendic-
ular to the wake at hub height, the measurements show
strongly enhanced turbulence parameters at the edges of
the wakes. For pronounced far-reaching wakes, the tur-
bulent kinetic energy (TKE) at the edges od the wake is
still at the same level several 10 km behind the wind park
(Figure 10b). During the airborne measurements, the en-
hanced aircraft vibrations during entering and leaving
the wake were noticeable to the crew. Turbulence was
found to be particularly enhanced for high wind speed
gradients between the wake and the undisturbed flow
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Figure 10: Measurements of wind speed (a), turbulent kinetic energy (b) and surface reflectance (c) downwind of the wind parks
Amrumbank West, Nordsee Ost and Meerwind Siid/Ost. The measurement flight took place on 10 September 2016. Adapted from PLATIS

etal. (2018).

(Figure 10a, b), and for denser wind park geometries.
In contrast, within the wake, turbulent kinetic energy
is reduced even compared to the undisturbed flow (Fig-
ure 10b).

As any change in wind field at the turbine level
affects also the sea surface, SAR is capable of detecting
the horizontal shear on the edge of the wake through
the roughness as well. Figure 9a shows an example
of the roughness by the indication of the Normalized
Radar Cross Section (NRCS), obtained by Sentinel-1A
on June 18, 2017 at 05:48 UTC during stable conditions
(air temperature at S0 m was 16 °C and 15.4 °C for the
sea surface temperature). Strong increases of NRCS and
friction velocity can be seen at the boundaries of wakes
downstream wind parks at the northern edge of the two
wind parks.

Similarly, the derived wind speed at 10m alti-
tude (Figure 9b) using the geophysical model function
CMODSN GMF (HErSBACH et al., 2007; VERHOEF et al.,
2008) tuned for C-band displays an increase of ampli-
tude at the edge. These features can be explained by
the considerable horizontal shear that exists between the
wind field inside the wake and outside the wake. This
shear leads to an increase in turbulence, which is also
captured in numerical model simulations (ABKAR and
PORTE-AGEL, 2015a). The higher turbulence levels at
the boundaries of wakes have also been confirmed by
airborne lidar surface roughness measurements (PLATIS
etal., 2018), see Figure 10. This turbulence then causes
an increase in the downward momentum flux, which can

explain a growth of the friction velocity and hence the
radar cross section. This effect can be expected to be
particularly effective in stable situations with strong ver-
tical wind speed gradients. These are actually the con-
ditions where wakes are most visible on SAR images.
A semi-empirical model to describe the effect of in-
creased downward momentum flux associated with tur-
bulence on surface roughness measured by SAR is given
in DJATH et al. (2018).

4.2.2 TKE above the wind park

The mixing above offshore wind parks determines the
wake recovery as pointed out in EMEIs (2010). Conse-
quently, mesoscale WPPs should represent the enhanced
mixing above offshore wind parks to capture the cor-
rect wake extent. In SIEDERSLEBEN et al. (2020) we pre-
sented three aircraft case studies, where the TKE above
the wind parks Godewind and neighbouring wind parks
Nordsee Ost and Meerwind Siid/Ost was measured and
compared to mesoscale simulations.

The most important ingredient for capturing the TKE
above offshore wind parks with WPPs are correctly
simulated upwind conditions. The WPP of FiTcH etal.
(2012) captured the enhanced TKE above the wind parks
Godewind 1, 2 during onshore winds. In contrast, the
model overstimated the TKE above the wind parks dur-
ing offshore winds. By the use of vertical profiles taken
by the aircraft close to the coast, we showed that the
boundary layer parameterization (MYNN 2.5, NAKA-
NisHI and N1No, 2004) was not able to represent the
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transition from land to open ocean close to the coast in
case of offshore winds. Hence, we suggest the devia-
tion of the simulated and observed TKE above offshore
wind parks is largely rooted in the deviation of the sim-
ulated and observed upwind conditions. These results
agree with the findings in SIEDERSLEBEN et al. (2018a)
(Section 4.1.4) where the overestimated extent of the
wake was related to deviations between the simulated
and observed stratification of the atmosphere.

We recommend using the TKE source of the WPP of
FircH etal. (2012) for offshore wind park simulations
during stable conditions, especially for simulations hav-
ing a horizontal grid coarser or equal to 5 km. For ex-
ample, simulations with a horizontal grid size of 16 km
did not capture the enhanced mixing over the wind parks
although the WPP of FircH etal. (2012) adds additonal
TKE to the model to account for the not resolved shear
within the simulations.

The WPP of FiTcH etal. (2012) adds too much TKE
at the upwind side of a wind park. During two case
studies it was observed that TKE above the wind parks
increased with the path of the air through the wind park
resulting in a higher TKE at the downwind side of a
wind park than on the upwind side. In contrast, the WPP
simulated the highest TKE at the upwind side of the
wind park associated with the highest wind speeds and
wind park density at the front row turbines. On the other
hand, the wind speed deficit is underestimated with a
disabled TKE source. Therefore, we suggest to use the
TKE source for stable conditions (SIEDERSLEBEN et al.,
2020) although the TKE at the upwind side of the wind
park might be overestimated.

4.2.3 Wave-number spectrum vs. stability

Wave-number spectra were computed from the 10 m-
wind speed derived from the SAR dataset taking into ac-
count the stability conditions based on the thermal strat-
ification from the FINO1 data. The spectral analysis is
performed for the period September 2016 to May 2017
and considered stable and unstable stratification cases.
The results for all stability cases are shown in Figure 11.
Each spectrum represents the average over the consid-
ered period. Although their spectral forms appear to be
different at high wavenumber, the shapes look quite sim-
ilar in general at low wavenumber. The slope is quite
close to the k™3 power law (POND et al., 1966; KAIMAL
etal., 1972; NIcHOLLS and READINGS, 1981; CHIN et al.,
1998; WIKLE etal., 1999; CHo etal., 1999b; CHoO et al.,
1999a; HOGSTROM etal., 2002; TuLLOCH and SMITH,
2009; Xu etal., 2011).

The change in stability does not affect the spectral
slope in general, but rather modifies the amplitude of
spectral power. The spectral power for unstable condi-
tions (green curve in Figure 11) is indeed higher than the
spectral power of stable conditions (black in Figure 11).
This analysis is in agreement with the previous works
(KAaIMAL etal., 1972; NicHOLLS and READINGS, 1981;
DJATH and SCHULZ-STELLENFLETH, 2020).
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Figure 11: Wavenumber spectra computed from near-surface wind
fields derived from Copernicus Sentinel-1 data. “STA” stands for
stable cases (black curve) and “NOSTA” for unstable cases (green
curve).

The high spectral power associated with the unstable
stratification confirms that the unstable flows are more
turbulent than stable flows. Within the wind park wake
context, the generation of turbulence increases mixing
and therefore dampens the wake, which lead to having
no or short wakes during unstable conditions, while long
wakes are pronounced for stable stratification (CHRIS-
TIANSEN and HASAGER, 2005; DJATH etal., 2018).

4.2.4 Anisotropy spectra aligned wind direction

2D wind spectra were also computed from the mean
normalised wind speed (Figure 12). As the stable atmo-
spheric boundary layers are favorable conditions, where
wakes are most pronounced, the spectrum is estimated
by averaging over the spectra of SAR derived wind fields
for stable cases as derived from FINOI1. The spectrum
is oriented with the wind direction along the horizon-
tal axis. It is interesting to note, that the isolines are
bunched in the wind direction, at least for wave lengths
shorter than about 10 km. This is equivalent to the occur-
rence of wind field structures, which are aligned in wind
direction. For instance, the atmospheric boundary rolls
are aligned with wind direction and are used to estimate
the wind direction on SAR images (KocH, 2004).

4.3 On hypothesis 3: Impact on other wind
parks downstream

The impact of far wakes on the environment and on
other wind parks depends on the wake length and on the
shape of the wind speed recovery within the wakes. In
CANADILLAS etal. (2020) data from 11 flight measure-
ments collected within the wakes at several downstream
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Figure 12: Mean 2D wind modulation spectrum estimated from
SAR derived normalised wind field spectra.

distances of two offshore wind park clusters were ana-
lyzed.

A method was developed to extract the wake recov-
ery function of each measurement flight and a median
value was computed for each stable and neutral/unstable
atmospheric conditions group. It allowed to calibrate
the engineering model WindFarmer used in WIPAFF
project. For further details please refer to CANADILLAS
etal. (2020).

The findings from this study support the results in
Section 4.1.1-4.1.2 that stable stratifications is associ-
ated with significantly longer wakes characterized by a
slower wind speed recovery compared to unstable con-
ditions. The results show that the average wake length
under stable conditions exceeds 50 km, while under neu-
tral/unstable conditions, the wake length typically ex-
tends to 15 km similar to the results presented in Sec-
tion 4.1.2. The default settings of the engineering model
WindFarmer have to be modified to account for a slower
wind speed recovery in stable stratification, as the ob-
served length of wakes under these conditions highly
exceeds the wake length arising from the default settings
(see Figure 7).

The examination of the effect of the modified recov-
ery on the park efficiency of an isolated downstream
wind farm cluster reveals that, for distances > 30 km, the
calculated reduction of the wind park efficiency does not
exceed 0.5 %. This is considered to be a lower limit of
the actual economic effect, as distances between most
wind park clusters in the German exclusive economic
zone (EEZ) and other offshore regions are <30km.
However, modelling wakes at distances <30km down-
stream requires modification of not only the stability be-
haviour of the wind speed recovery, but also of the direct
wake and IBL models.
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4.3.1 Influence of park architecture

The effect of wind park architecture was estimated when
distinct wakes were visible downstream of single wind
parks within the same atmospheric conditions. As pre-
sented in PLATIS et al., in review this was the case for the
Flights 25, 30 and 31 within the WIPAFF project. Here,
a distinct example is shown in Figure 4 for the case study
Flight 31. The wakes of the two adjacent parks Meer-
wind Siid/Ost (MSO) and Nordsee Ost (NO) are simi-
lar in their length (15 to 21 km). However, they differ
in the initial wind speed deficit, i.e. 29 % for MSO and
19 % for NO. The wake of the very dense wind park AW
is significantly longer at 38 km with initial wind deficit
of 28 %. Other case studies showed similar observations
in PLATIS etal., in review. As a consequence, it can be
concluded that a clear influence of the park layout is evi-
dent and longer wakes appeared with a denser alignment
of wind turbines in contrast to a low-density wind park.
Therefore, to minimize the impact of downstream in-
stallations a less narrow alignment of the wind turbines
could be considered in future offshore wind park plan-
ning.

4.4 On hypothesis 4: Impact of wind-park
wakes on local climate and surface fluxes

Given the warming and cooling in the rotor layer associ-
ated with the enhanced vertical mixing at the rotor area
(Section 4.1.3) the question arises whether wind parks
can alter local climate.

A change in local climate would be equal to a change
in the energy budget of the atmosphere. According to
TRENBERTH etal. (2001) and PoORTER etal. (2011) a
change in the energy budget of the atmosphere is associ-
ated with a change in radiation budget and/or in the tur-
bulent surface fluxes. Hence, it is relevant whether the
temperature and moisture changes at hub height as in-
vestigated in SIEDERSLEBEN et al. (2018b) are associated
with temperature and moisture changes at the surface
that in turn could enhance the turbulent fluxes at the sur-
face resulting in a change of the energy budget of the at-
mosphere. Temperature and moisture changes were well
observed on 10 September 2016, hence, we investigated
the potential impact of all planned and existing offshore
wind parks in the German Bight on the turbulent sur-
face fluxes (i.e. sensible and latent heat flux) by the use
of WRF simulations. The locations of the planned wind
parks follow plans of the Bundesamts fiir Seeschifffahrt
und Hydrographie (BSH) published in 2015 (Figure 13).
Although such a numerical simulation can not give a an-
swer on whether offshore wind farms have an impact
on the local climate or not, we can still determine the
maximal impact of offshore wind farms on the bound-
ary layer by simulating a day, that was characterised by
large wakes in the German Bight. Based on these re-
sults further studies should be conducted, investigating
the impact of offshore wind farms on the local climate.
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Figure 13: The impact of all potentially planned offshore wind parks at the North Sea for the meteorological situation 10 September 2016
averaged from 08:00 UTC to 09:00 UTC. Shown is the difference at hub height of (a) potential temperature, (b) water vapor mixing ratio and
(e) wind speed between a simulation with wind parks (WF) and a simulation with no wind parks (NWF). The resulting changes of sensible
heat flux (sh) and latent heat flux (lh) are shown in (c) and (d). The sum of differences in sensible and latent heat flux is shown in (f). The
gray shading depicts areas where the SST is higher than the air temperature. Taken from SIEDERSLEBEN (2019).
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Although some wind parks in the simulations are
much bigger than already existing wind parks in the Ger-
man Bight, the impact on temperature and water vapor
at hub height is not larger than observed on 10 Septem-
ber 2016 (Figure 13a-b). For example, the simulations
suggest a warming and a drying at hub height in the or-
der of 0.5K and 0.5 g kg~' downwind of the large off-
shore wind park cluster located in the west of the do-
main. For comparison, the already existing wind parks
around Amrumbank West cause a similar warming sig-
nal at hub height.

The warming induced by the wind parks in the rotor
area is partly associated with a decreased sensible heat
flux at the surface (Figure 13c). Two different processes
drive the reduction of the sensible heat flux rooted in the
different temperature gradients between the SST and the
lowest model level located at 17 m AMSL (Figure 14).
On 10 September 2016 we encountered areas with a
lower air temperature than SST (i.e. gray shaded area
in Figure 13, SIEDERSLEBEN, 2019). During non-waked
conditions the sensible heat flux is orientated towards
the atmosphere in these regions, resulting in a warm-
ing of the lower atmosphere (Figure 14a). According to
aircraft measurements recorded on 10 September 2016,
the warming induced by the wind turbines was also ef-
fective at 60 m AMSL (see Figure 4a in SIEDERSLEBEN
etal., 2018b). The simulations indicate that the warm-
ing at the rotor area even spread down to the ocean’s
surface. Consequently, a higher surface temperature re-
sults in a reduction of the temperature gradient between
air temperature and SST that in turn weakens the sen-
sible heat flux towards the atmosphere as it is schemat-
ically sketched in Figure 14a). In contrast, the sensible
heat flux is orientated towards the ocean in case of a
lower SST than air temperature (not gray shaded area
in Figure 13) during non-waked conditions. However, a
warming at the ocean’s surface results in an increased
temperature gradient between air temperature and SST,
resulting in an larger sensible heat flux pointing towards
the ocean (Figure 14b). Therefore, the net effect of the
warming at the surface is an increased sensible heat flux
towards the ocean (Figure 14b). However, the changes
in the sensible heat flux are not larger than 3 W m™2.

The impact of offshore wind parks on the latent heat
flux is determined by the temperature gradient between
SST and the temperature at the lowest model level (Fig-
ure 13d). In areas with a higher SST than air temperature
the simulated latent heat flux is decreased. In contrast,
the latent heat flux is increased in areas with a higher
air temperature than SST. As humidity usually has a
strong vertical gradient in the marine boundary layer
(decreasing with height), the latent heat flux is point-
ing upward regardless of the temperature gradient. Ob-
viously, the dryer air within the wakes of larger offshore
wind parks enhances the vertical moisture gradient, that
in turn should enhance the latent heat flux towards the
atmosphere. However, this is only true for areas with a
higher air temperature than SST (Figure 13d). In con-
trast, in regions with a lower SST than air temperature,
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Figure 14: Schematic sketch of impact of offshore wind parks on the
sensible heat flux in case of (a) a SST higher than the air temperature
and (b) vice versa. WF is a wind park simulation with the wind farm
parameterization turned on, while NWF has the parameterization
switched off. Taken from SIEDERSLEBEN (2019).

we observe a decreased latent heat flux (purple contours
in Figure 13e), although the latent heat flux is supposed
to increased due to dryer air within the wake. Hence,
we suggest, that the weakening of the temperature gra-
dient between SST and air temperature mainly drives the
changes in the latent heat flux.

The overall change in the surface fluxes is driven by
the changes in the latent heat flux (Figure 13f), in case
of inversions close to the rotor height. As the impact
on 10 September 2016 on the latent heat flux is almost
twice as much than the changes in the sensible heat flux
the net impact on the surface fluxes is dominated by the
changes in latent heat flux. As the changes in the latent
heat flux are determined by the temperature gradient
between the lowest model level and SST, so is the overall
impact: A cooling effect is present in areas with a higher
air temperature than SST and vice versa. However, we
only observed a change in the latent heat flux associated
with the existence of an inversion close to rotor height
SIEDERSLEBEN etal., 2018b. Hence, the latent heat flux
only dominates the overall impact in case of an inversion
close to the rotor area otherwise only the sensible heat
flux is affected.

The effects discussed above were observed in six of
our flights, nevertheless for a sound climatology reliable
conclusion, further studies are mandatory.

5 Conclusion/Outlook

A unique dataset from airborne in sifu data, remote
sensing by laser scanner and SAR gained during the
WIPAFF project proves that wakes up to several tens
of kilometers exist downstream of offshore wind farms.
The wind speed deficits in the wakes and their length
tend to be larger in stable than in unstable conditions.
The results show that the average wake lengths un-
der stable conditions exceed 50 km, while under neu-
tral/unstable conditions, the wake length amounts to
15km or less. Data also indicates that a denser wind
park layout increases the wake length additionally due
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to a higher initial wind speed deficit. Turbulence occurs
at the edges of the wakes due to shear between the re-
duced wind speed inside the wake and the undisturbed
flow. The intensity depends on the strength of the wind
speed gradient and is further enhanced for denser wind
park geometries. In contrast, within the wake, turbulent
kinetic energy is reduced even compared to the undis-
turbed flow.

The observational data of the WIPAFF project was
further compared to industrial, analytical and mesoscale
models. The respective models show in general a good
correlation with the measured wake lengths, neverthe-
less, they also show deficiencies:

* As a first order approximation the analytical model
seems to work well, however it has to be optimized
to be able to account for the park layout and turbine
turbine-induced turbulence left over from the wind
park. This has to be improved in the future.

* The engineering model WindFarmer underestimates
the wake length during stable conditions when using
the default settings. Therefore, default settings of the
engineering model WindFarmer have been modified
to account for a slower wind speed recovery in stable
stratification (CANADILLAS etal., 2020).

* The mesoscale WRF model enables the simulation of
a complete area like the German Bight. However, the
results of the simulations show that the WRF model
is highly sensitive to the upwind conditions. During
offshore winds (advecting warm air over the ocean)
strong inversions developed at rotor height that are
challenging for a mesoscale model. Hence, the up-
stream wind speed was sometimes underestimated
due to a wrongly predicted stratification in the model.

To accomplish accurate predictions of the wind en-
ergy production by numerical models, further effects
have to be taken into account, e.g. the blockage effects
of wind parks or how the state of the operation of wind
parks influences the wakes, which requires the analysis
of operational data. As such data was not available in
the WIPAFF project, this is a topic of future research
and implementation in numerical models.

Besides the wake effects, the influence of offshore
wind parks on the marine bounadry layer was investi-
gated by using the airborne observations and the WRF
model. The impact on the marine boundary layer de-
pends on several parameters. First of all, wind parks can
cause a warming or a cooling at hub height during sta-
ble conditions as discussed in Section 4.1.3. Howeyver,
the inversion can also be located such that a cooling at
the ocean’s surface takes place, although we only pre-
sented here a warming case. Secondly, only in case of a
pronounced inversion close to hub height we simulated
and observed a change in the water vapor mixng ratio
corresponding to changes in latent heat flux. Thirdly, the
net impact on the latent heat flux was determined by the
temperature gradient between SST and the ambient air
temperature.
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Several potential impacts of offshore wind parks on
the marine boundary layer were not discussed in this
study i.e the formation of clouds. HUANG and HALL
(2015) and BOETTCHER etal. (2015) showed that large
offshore wind park could have an influence on the cloud
cover. Consequently, wind parks could have an influence
on the radiation budget as well. These aspects were not
presented as we could not identify a clear impact of
offshore wind parks on the cloud cover or any radiation
budget due to lacking equipment.

Given the high sensitivity of the simulated impacts of
offshore wind farms, studies making general statements
about the impacts of offshore wind farms based on nu-
merical climate or mesoscale models should be carefully
examined. As discussed above, simulated impact on the
local climate is extremely sensible to the simulated sta-
bility in the lowest 200 m of the marine boundary layer.
Within the WIPAFF project we showed that mesoscale
simulations were lacking to represent the stable bound-
ary layer during offshore winds close to the coast, al-
though most wind parks are in the transition area from
coast to open sea and their impact is largest during stable
conditions (SIEDERSLEBEN et al., 2018b).

The above documented results may have several con-
sequences.

5.1 Wind direction-based layout of wind parks

Analysis of data from FINO1 for the year 2005 shows
a clear correlation between wind direction and atmo-
spheric stratification in the North Sea (EMEIs etal.,
2016). Stable situations are coupled to the main wind di-
rection (South-West). This direction-stability correlation
is assumed to be typical for the two temperate latitude
west-wind belts on both hemispheres of the globe, be-
cause it is caused by the usual sequence of warm sector
winds having a poleward component followed by cold
sector winds having an equatorward component in east-
ward moving low-pressure systems. The WIPAFF re-
sults clearly documented the dependence of the wake
intensity and wake length on atmospheric stratification.
Therefore, it could be advisable that wind park layout
and park cluster layout take this dependence into ac-
count. Figure 15 shows a possible array of wind parks
in the German Bight which reflects this correlation. Dis-
tances between single turbines within wind parks and
between entire parks are larger along the most frequent
direction of stably stratified flow (from Southwest to
Northeast) and they are shorter along the perpendicular
direction of unstably stratified flow.

5.2 Additional measurement requirements
and stability measures for the marine BL

For future estimations of wind park power output and for
improving analyses of offshore wind park wakes, a cru-
cial parameter was found to be profiles of temperature
and the stability parameter. Temperature inversions oc-
cur at different altitudes above, below and within the ro-
tor area. A near-surface, predominantly convective layer
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Figure 15: Schematic of stability-dependent wind park layout in
the German Bight. Crosses denote single wind turbines and boxes
indicate wind parks. North is towards the top. (Adapted from EMEIS
etal., 2016)

may be present and an inversion with more stable condi-
tions may be found aloft. Therefore, a simple approach
for defining stability, e.g. the temperature difference be-
tween the sea surface and the atmosphere at one partic-
ular altitude, is not suitable for describing stability con-
ditions and wake development. In addition, other stabil-
ity parameters are partly inconsistent with each other.
Therefore, defining stability measures for the marine
boundary layers which can be representative for atmo-
spheric stability for an offshore wind park and the evo-
lution of wind park wakes is a very crucial task for the
future.

Moreover, the representation of temperature profiles
in numerical simulations and the deduced stability need
higher accuracy and improvement. The comparison of
the airborne observations and WRF simulations show
potential for improving the representation of coastal ef-
fects, where temperature profiles develop from the coast
to the wind parks. For example, from the simulations
of 15 October 2017 two profiles are compared to the
simulations, one close to the coast, one further offshore
(Figure 16). Close to the coast the simulation and ob-
servation show an inversion. However, the inversion of
the simulation is located above the rotor area, whereby
the inversion in the observations is located within the ro-
tor area. Further offshore, the performance of the model
improves slightly. Nevertheless, the height of the inver-
sion is still overestimated by 150 m. The numerical sim-
ulations where performed with the setup as described in
SIEDERSLEBEN et al. (2018a). As the development of the
stability for the flow above the coast strongly influences
the wake extent, an improvement of the simulations is
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required for correctly representing the inflow conditions
reaching the wind park. The availability of additional
measurements of temperature profiles at a coastal and at
an offshore locations could serve as reference and would
contribute to a better understanding of the processes in
the atmospheric boundary layer and the interaction with
wind parks and lead to improvement of numerical simu-
lations.

5.3 Impact on cloud development

On three out of 41 measurement flights, the formation of
small patches of clouds directly above the wind park was
observed. The cloud patches were transported down-
wind. No such clouds were observed in the lee and next
to the wind park. Cloud formation was observed on days
with relative humidity close to saturation, and slightly
stable conditions. The documentation of the clouds was
attempted by photographing. However, the image qual-
ity was hampered by other cloud layers above. The sen-
sors on board were not suitable for systematic analy-
ses of the phenomenon and its importance. This should
be addressed in future research in combination with the
analysis of downward heat and humidity fluxes above
wind parks.

5.4 Future SAR data evaluation

About one third of the SAR scenes with visible wake
structures show increased radar cross section values for
roughly the first 10 km of the wake downstream the wind
park. There are several approaches to explain this phe-
nomenon, which seems to be a paradox at first sight. One
possible explanation proposed in DJATH etal. (2018) is
based on the hypothesis of increased downward momen-
tum fluxes caused by turbulence introduced by the wind
turbines. Making this assumption, SAR data would pro-
vide very valuable information on the advection and dis-
sipation of turbulence in the vicinity of offshore wind
parks. However, observational evidence is missing to
confirm or refute this or a number of other possible
mechanisms to explain the effect. Measurements are a
challenge in this context, because the sea surface rough-
ness measured by the radar is strongly dependent on the
detailed structured of the atmospheric boundary layer
close to the water. New measurement technologies and
sampling approaches are currently investigated to obtain
more information on this important region. These activ-
ities are not only of high value to improve our under-
standing of the atmospheric processes around offshore
wind parks, but are of more general relevance in the con-
text of atmosphere/ocean interaction, which is a field of
intense research worldwide.

A topic that is directly related to the phenomenon
just described, is the derivation of wind speed informa-
tion above the sea surface from microwave radar data.
Radar measurements have a direct physical connection
to the friction velocity at the surface, but wind speeds
at higher levels depend on the stability conditions in
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Figure 16: Vertical profiles of wind speed (a), potential temperature (b) and water vapour mixing ratio (c) obtained by probing the
atmosphere with the research aircraft on 15 October 2017 close to the coast (magenta solid lines) and further offshore (black solid lines).
The corresponding locations of the vertical profiles are shown in detail in Figure 1. The interpolated WRF data along the climb flights is
shown with the solid lines having the circles on top, whereby each circle represents a vertical level of the simulation.

the boundary layer, which are usually not well known.
The empirical functions used for SAR wind speed re-
trieval so far were usually derived based on observation
data sets taken in the open ocean, making very simplify-
ing assumptions about the conditions in the atmosphere.
This is another area of research, where more sophisti-
cated measurements of the atmospheric boundary layer
in near coastal areas could help to optimise the exploita-
tion of SAR information for offshore wind park applica-
tions. This issue is also related to the more general ques-
tion about the optimal integration of satellite, in situ and
model data to provide efficient information products to
the offshore wind park community.
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