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A B S T R A C T

A numerical investigation is carried out to understand the effect of offshore wind farm wakes on the surface
wind and hence water waves. Two cases with the presence of wind farm wake effects from the literature are
revisited, mainly due to two reasons: (1) the availability of various atmospheric and wave measurements;
(2) one case with fetch effect and one without fetch effect. The coupled modeling system includes the
atmospheric model WRF and ocean wave model SWAN, with the Wave Boundary Layer model implemented in
SWAN. The wind farm wake effects are modeled using the Fitch Wind Farm Parameterization, where we used
four coefficients of the parameter 𝛼 to adjust the turbulent kinetic energy (TKE) coefficient (relevant to the
magnitude and hence indirect advection of turbine-generated TKE: 𝛼 = 1, 0.25, 0.1 and 0). For the two cases,
measurements suggest reduced wind speed and wave height under the wind farm wake effect. The modeling
results are consistent, except for when 𝛼 = 1 is used. Using the currently standard value of 𝛼 = 1 results in
excessive turbine-generated turbulence transported to the surface. This leads to enhanced surface winds and
wave height; as this contradicts the measurements, we conclude that it is a numerical artifact. The study points
to the importance of future research on a more accurate description of the horizontal and vertical transport
of the turbine-generated TKE in WRF.
1. Introduction

Offshore wind energy development has never been so rapid, and
the sizes of wind farm clusters can be as large as several hundreds
kilometers by several hundreds kilometers. The presence of these large-
scale wind farms affects not only the atmosphere, but also surface water
waves. There have been increasing number of studies on the interaction
between atmosphere and turbines/wind farms; the studies on the in-
teraction between atmosphere, turbines/wind farms and surface water
waves are few.

In the presence of wind farms, around the turbine hub height, wind
speed is reduced inside as well as downwind of the wind farm, as a
result of wake effects. Intuitively, it is expected that the wake effects
originated from the height of the rotor blades propagate both horizon-
tally and vertically, and consequently, wind speed in the atmospheric
surface layer, defined here as the lowermost altitude from the surface
up to about 10 m may also be reduced. The reduced surface winds,
when over water surface, suggest weaker drives to the generation of
water waves, compared to no-wind-farm (NWF) conditions.

✩ This study was supported by the DFF MAMAS project (nr. 0217-00055B), Danish EUDP project GASPOC (J. nr. 65020-1043), EU Horizon project DTWO (J.
nr. 101146689).
∗ Corresponding author.
E-mail address: xgal@dtu.dk (X.G. Larsén).

While most studies using satellite based data of Synthetic Aperture
Radar (SAR) for wind farm wake investigations suggest a reduced
wind speed at 10 m altitude downwind of the farms, Djath et al. [1]
and Hasager et al. [2] observed some cases with enhanced scatter
signals in the SAR images and interpreted these signals as air flow
‘‘acceleration’’. Enhanced turbulence is another feature associated with
wind farm and wind turbine wake effects. The ‘‘acceleration’’ sig-
nals were sometimes interpreted as high turbulence, which the SAR
algorithms translate into enhanced wind speed.

The acceleration effect has also been reported in mesoscale simu-
lations of wind farm wake effect in association with the Fitch Wind
Farm Parameterization (WFP) in the Weather Research and Forecasting
(WRF) model [3]. The Fitch WFP adds a sink term 𝑓 𝑡 to the momentum
equation in WRF

𝑓 𝑡 =
1
2
𝐶𝑇𝑈

2𝐴𝑟∕ΔV– . (1)

where 𝐶𝑇 is the thrust coefficient, 𝑈 is the wind speed in the grid cell,
𝐴𝑟 is the rotor area and V– V a control volume. Further the Fitch WFP
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scheme adds a source term to the Turbulence Kinetic Energy (TKE)
equation

𝑝𝑡 =
1
2
𝛼(𝐶𝑇 − 𝐶𝑃 )𝑈3𝐴𝑟, (2)

Here, 𝐶𝑃 is the power coefficient. The original paper of WFP, Fitch
t al. [3] effectively uses 𝛼 = 1 in Eq. (2). To explain their simulation
f enhanced wind speed at the surface as a result of wake effect, [3]
howed the vertical distribution of the momentum flux 𝑢′𝑤′, with the

values of 𝑢′𝑤′ at the surface being positive. This was considered as
a result from a possible excessive momentum, generated at the hub
eight and transported to the surface. The positive surface momentum
lux 𝑢′𝑤′ contributes to an increase in wind speed there. When using

the model for the added TKE from turbines from Fitch et al. [3], Larsén
nd Fischereit [4] (hereinafter LF2021) also simulated the acceleration
f the wind speed at lowest levels.

Fitch et al. [3] calculated TKE from the MYNN2 PBL scheme in WRF.
In this scheme, TKE is predicted in each vertical column separately,
through a one-dimensional TKE equation, which depends only on the
vertical coordinate. Archer et al. [5] re-introduced the scalar array
called QKE_ADV to ensure that turbine-generated TKE is treated as
a scalar, whose advection can be calculated the same way as other
scalars. In addition, Archer et al. [5] provided the coefficient 𝛼 to be
sed in connection with the TKE coefficient 𝐶𝑇 𝐾 𝐸 = 𝐶𝑇 −𝐶𝑃 , as shown
y Eq. (2). Archer et al. [5] used 𝛼 ⋅ 𝐶𝑇 𝐾 𝐸 to adjust the magnitude

of turbine-induced TKE as in the Fitch WFP. They found an ‘‘optimal’’
value of 𝛼 as 0.25, based on their comparisons of a single turbine with
Large Eddy Simulations (LES).

LF2021 tested the adjusted TKE following Archer et al. [5] and
ound that using 𝛼 = 1 provides best agreement of wind statistics at

hub height between simulation and measurements for studied offshore
wind farms, and at the same time, the acceleration of surface winds in
he wake area only occurred when 𝛼 = 1, but not when 𝛼 = 0.25. Bodini
t al. [6] also found from their WRF modeling of onshore wind farms
hat ‘‘...near the surface, accelerations occur in stably stratified condi-
ions but only for the simulations with 100% TKE included (i.e. 𝛼 = 1)’’.
sing a different wind farm parameterization from the Fitch scheme,

he explicit wind farm parameterization (EWP) used in WRF, Volker
t al. [7] did not find the corresponding acceleration in connection with

the wakes for idealized simulations. The EWP scheme does not include
the extra term (Eq. (2)) in the TKE equation, and only adds wake-
induced TKE from the wake-affected wind profile, e.g. through shear.
Previous studies consistently suggest that, while EWP provides rea-
sonable wind speed reduction, its TKE is significantly underestimated.
When using EWP, LF2021 neither got surface wind acceleration in their
real case simulation. The LES simulation of wind farm effects from Wu
and Porté-Agel [8] (their Fig. 13) neither supported the surface flow
cceleration. Such an acceleration was however present in the LES

results by Vanderwende et al. [9] for stable conditions.
The effect of wind farms on the wave field has only been addressed

y very few studies. Fischereit et al. [10] applied 𝛼 = 0.25 to model a
0-year worth statistics of wind and wave fields in the presence of wind
arms in the German Bight, and found reduced long-term significant
ave height 𝐻𝑆 in areas around the wind farms. Porchetta et al. [11]
lso studied the wave fields under the impact of wind farm wakes in
he German Bight using the COAWST system with a roughness length

parameterization scheme for the surface waves from Porchetta et al.
[12]. Studies using measurements on this subject are even fewer. Platis
et al. [13] reported on enhanced surface reflectance of a laser scanner

ithin the wind farm wake, which is interpreted as smoother sur-
ace compared to the areas not influenced by wakes. Wave height in
he vicinity of wind farms (1 km downwind of the wind farm) have
een measured using airborne laser scanner [14], and Dörenkämper

[15] reported, from an unpublished data analysis, reduced significant
ave height (𝐻𝑆 ) in the wake area. Bärfuss et al. [16], called B2021

hereinafter, analyzed the measured wave spectra inside and outside
he wind farm wake regions, with winds from land over the offshore
 f

2 
wind farms (their Fig. 4). They found that the spectral wave energy is
onsiderably smaller in the wake region than outside of it, though they

also observe increasing wind speed in the background from the Danish
coastline over to the open water in the North Sea.

The literature has provided very few and scattered puzzle pieces of
the atmosphere close to water surface in the presence of interaction
f atmosphere, wakes and waves. Particularly, relevant researches are
everely limited by lack of measurements to verify hypotheses and mod-
ling. This study serves as one of the unfolding investigations, and here
e revisit two published studies on this subject where measurements
ere used. At the same time, we strengthen the existing investigations
y introducing numerical modeling that include atmosphere, waves
nd wind farm wakes. We experiment with the measurements-modeling
ombined approach, aiming at obtaining better understanding of the
bservations where the signals of wind farm wake impacts are some-
imes difficult to read. Thus, we gain insights to the several research
uestions, including: How is modeling of the wave field affected by the
se of WFP scheme? How does the distribution of turbine-generated
KE from hub height to surface affect the wave field? Can the surface
ind speed and waves be enhanced as a result of the wind farm wake
ffect?

The detailed method is introduced in Section 2, followed by results
in Section 3, discussions in Section 4 and conclusions in Section 5.

2. Method

In this study we use case studies. Case studies are limited in provid-
ing answers to general questions. They are nevertheless good to start a
systematic investigation, here particularly on testing the method of the
atmosphere-wave-wind farm coupled modeling, to help us get insight
of background mechanisms of air–sea-wake interaction.

As there are very few studies on this research subject involving mea-
urements, we identified two cases: Case-1 from B2021 and Case-2 from
F2021, and continue these investigations by adding new elements to
heir methods.

Besides that there are measurements available, these two cases also
complement each other on the wind farm cluster situation in relation
o upwind land. They thus bring different levels of challenges and
pportunities to the investigations. Specifically, Case-1 is chosen here
ecause B2021 published the wave spectra and wave height in tracks
p- and downwind of the wind farms with systematic flights deploying
n airborne laser scanner during the day on 8 August 2017 (2017-08-
8). Case-1 is, however, complicated by the presence of both fetch and

wind farm effects. On this day, the winds were from land over water.
We continue B2021’s study by adding the numerical simulation to
the data analysis. Case-2 is chosen here because LF2021 demonstrated
successful numerical simulation of wind farm wakes, validated by SAR,
mast measurements from FINO 1 and flight data. We continue LF2021’s
study by extending the simulation with a wave model coupled to WRF
(see Section 2.2). In contrast to Case-1, Case-2 has a negligible fetch
effect.

Table 1 lists some basic information of the two cases, including
dates, flow conditions, flight heights, and respective wind farm clusters
and the hub height.

2.1. Cases and measurements

Case-1 involves the wind farm cluster including, from the north to
the south, Amrumbank West, Kaskasi gap, Nordsee Ost and Meerwind
Süd/Ost, which is called wind farm cluster N4 in B2021 and we adopt
N4 here (Fig. 1). The flight legs can be found in B2021, and the
atmospheric data are published in Bärfuss et al. [17] and described
in Lampert et al. [18]. The transects where data are recorded are
reproduced here in Fig. 1, labeled with flight leg numbers. There are
altogether 10 transects, with Flight Leg numbers 1 to 10; with winds
rom land to sea, Flight Leg 1 is thus upwind of N4. Sometimes there
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Table 1
Overview of the two selected cases in this study. ‘wf’: wind farms; ‘hh’: hub height; ‘mh’: measurement height. The locations of the wind farm
clusters N3 and N4 are indicated in Fig. 1.

Day Wind direction Fetch wf hh (m) mh (m) Ref.s

Case-1 2017–08–08 East short N4 90 m 91 m B2021
Case-2 2017–10–14 West-Southwest long N3 120 m 120 m LF2021
c
W

l
t
T
i
a

i
o
D
o

o
e
p

i

Fig. 1. Case-1. Flight legs shown in different colors, labeled with numbers 1 to 10.
Also shown are three rows of dots, with the black (A) and dark gray (B) ones in the
wakes of N4 (except two upwind of the farms), and the light gray ones (C) outside
the wakes. The wind cluster N3 is marked with a box, with the black line across the
Godewind1 being the transect with flight data analyzed. Note that N4 is relevant for

ase-1 and N3 is for Case-2. The green dots represent individual wind turbines, which
re clustered in wind parks.

is more than one flight along one transect, e.g., Flight Leg 2 and 3 are
almost on the same transect, but were flown in opposite direction.

B2021 presented the distribution of wind speed and spectral wave
nergy along the flight legs in their Fig. 3, which is reproduced here
s a part of Fig. 2. In addition, we added the data from transects with
horter distances to the farm cluster N4 at 2 km, 5 km and 15 km (Flight

Leg 2-5), in order to examine in more details the flow in the vicinity of
the wind farms.

For Case-1, with the wind direction from the east, the atmospheric
low is advected from land over water, and reached wind farm cluster
4 with limited fetch. Under the fetch effect, it is expected that wind

peed and consequently, wave energy will increase (Section 3.2). Such
an effect counteracts the wake effect. Thus, for Case-1, the area around
N4 (Fig. 1) is influenced by the wind farm wake and the offshore
etch effects. Fig. 2 confirms the above arguments; the corresponding
ind and wave fields are characterized by (1) increased fluctuations in
ind speed at hub height in the wakes, and the fluctuations decrease

with distance away from the wind farm (2) clearly reduced wind
speed at hub height corresponding to the farm Amrumbank West, and
accordingly weakened wave energy (3) overall wind speed increase and
wave energy with increasing fetch distance to the shore. On the day of
Case-1, the SAR data are only available mostly outside our study area,
see Fischereit et al. [19], and it is therefore not shown here. The SAR
image also shows a large spatial variation of weather patterns over the
North Sea, corresponding to highly varying wind conditions over the
region.

Case-2 was modeled and validated in LF2021 using WRF with-
out coupling to a wave model. The relevant wind farms for Case-2

ere referred to as ‘‘N3’’ in the studies of WIPAFF and X-Wakes
e.g., Dörenkämper [15]), we also call this cluster N3 here (Fig. 1). Even

though no laser scanner data of the surface is available for Case-2, the
simulations of the wind field have been shown to be reliable through
validation using mast (FINO 1, time series and wind profile), SAR and
flight measurements in LF2021. Case-2 thus provides an opportunity to
examine the wave field without interference of fetch effect.
3 
2.2. Modeling

We use DTU’s coupled modeling system, which is based on the
Coupled-Ocean-Atmosphere-Wave-Sediment Transport model
(COAWST version 3.2, 20). It includes WRF version 3.7.1, 21, the Spec-
tral WAve model Nearshore (SWAN version 41.01, 22) and the wave
boundary layer model (WBLM) implemented in SWAN as developed
in Du et al. [23] and updated in Du et al. [24]. We employ the same
three one-way nested domains with 18 km, 6 km and 2 km resolution
for both WRF and SWAN. The model domain for Case-1 centers around
wind farm cluster N4 and is shown in Fig. 3, the domain for Case-2
can be found in LF2021 (their Fig. 4) with Godewind1 and surrounding
farms in the model center, where the flight data are available.

WRF and SWAN are two-way online coupled through the WBLM.
The WBLM solves the height-dependent equation for the total stress,
onsisting of turbulent and wave-induced stress. Furthermore, the
BLM solves the conservation equation for the kinetic energy with

height, thereby ensuring that the momentum transfer between wind
and waves is both flux and energy consistent. To do so, WRF sends
the horizontal 10-m-wind components to SWAN and in return receives
a corresponding roughness-related length which is a function of wave-
induced stress. The details can be found in Du et al. [24]. The exchange
frequency between WRF and SWAN is once per 6 minutes. The simu-
ation length is 24 h with a 6-hour spin-up time. The time step for
he WRF outer domain is 45 s, and the time step for SWAN is 6 min.
he model outputs are saved every 10 min. More details on the set-up,

ncluding the used parameterizations, boundary and initial conditions
re given in Table 2.

Compared to measurements, an obvious strength of using modeling
s that we can activate or deactivate wind farm effects, in the presence
f the fetch effect, by activating and deactivating the WFP schemes.
ifferent WFP have been developed in the past and a comprehensive
verview can be found in Fischereit et al. [25].

Here we use the Fitch WFP scheme [3], which is included in the
fficial WRF model. The corresponding sink term to the momentum
quation and source term to the TKE equation by the Fitch WFP are
resented in Eqs. (1) and (2).

We incorporated the updates by Archer et al. [5] to ensure the
proper advection of turbine-induced TKE. The coefficient 𝛼 in Eq. (2)
adjusts the amount of turbine-induced TKE. For small values of 𝛼,
turbine induced TKE is small. However, ambient TKE is still evolv-
ing due to advection, shear, buoyancy, turbulence transport, pressure
correlation and dissipation of the ambient flow. As highlighted in
Introduction, the ‘‘best’’ value for 𝛼 is not yet known, thus we test
four values 𝛼 = 1, 0.25, 0.1 and 0 in this study and examine the
corresponding impact on the wind speed at the lowest model level of
10 m and accordingly the impact on the waves. 𝛼 = 1 was initially
used in the original WFP paper by Fitch et al. [3], and it is used here
to examine the maximum effect of turbine-induced TKE. This value has
been frequently used, including recent studies, e.g., [26,27]. 𝛼 = 0.25
was chosen as a reference, since it is the recommended value based
on Archer et al. [5], who determined it based on LES simulations with
a single turbine. 𝛼 = 0 is chosen to examine the extreme effect of not
ncluding any turbine-induced TKE; this configuration is most similar to

the assumption of the EWP scheme [7], another frequently used WFP.
The value of 𝛼 = 0.1 has been chosen as an additional numerical test to
have a value between 𝛼 = 0 and 0.25.

The long-fetch Case-2 was run in LF2021 using WRF only, where
𝛼 = 1 and 0.25 were used. Here the case was re-run using the coupled
modeling system, using four 𝛼 values the same way as for Case-1.
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Fig. 2. Case-1. 10 flight legs with wind speed measured around hub height (lines in magenta), and sea surface energy distribution, along the flight leg upstream (the one to the
right) and downstream of the wind farm cluster N4 on 8 August 2017. The transects with distance from N4 at 65, 55, 45, 35, 25 km and upstream leg are reproduced from B2021.
Fig. 3. The three nested WRF model domains shown in surface elevation for Case-1
on 8 August 2017.

The wind farm and turbines information used in WRF for the
simulation is obtained from LF2021 (see Table 4 in LF2021).

To understand the wake effect, the following variables are analyzed:
(1) Wind speed at lowest model level over the wind farm area (2)
Vertical wind speed profile over the wind farm and in the wake region
(3) Significant wave height 𝐻 over the wind farm area and in the wake
𝑠

4 
region (4) Wave spectra upwind, and inside of the farm and in the wake
region.

3. Results and analysis

3.1. B2021: Wake effect or spatial variability?

B2021 presented their measurements of the wind speed at an alti-
tude of 91 m (approximately the hub height) and wave spectra along
the flight legs during two hours between about 13:30 UTC and 15:35
UTC on 8 August 2017, over, upwind and downwind of N4. The
modeled wind speeds at around 91 m, 𝑈𝐻 𝐻 , along the corresponding
flight legs and timing as in Fig. 2 are shown in Fig. 4a, for no-wind-
farms (NWF), as well as with wind farms (with 𝛼 = 1, 0.25, 0.1 and 0),
respectively. The corresponding wind speed deficit at 90 m (𝛥𝑈𝐻 𝐻 )
between WFP and NWF is shown in Fig. 4b. One can see that for
Flight Leg 1, upwind the wind farm, the wind speeds from the five
simulations are very close, showing a very small blockage effect. The
modeled wind speed shows similar pattern along the flight leg to the
measurements (see Fig. 2, the magenta line on the right-most panel),
and the wind speed at 90 m is between 10–12 m s−1, slightly lower than
the measured values. Downwind of N4, both measurements (Fig. 2) and
modeling show that the mean wind speed increases, most likely as a
result of increasing fetch effect. The fetch effect will be discussed in
more details in Section 3.2. At the same time, a significant deficit in
the wind velocity 𝑈𝐻 𝐻 (WFP minus NWF) appears in the vicinity of N4
downwind, and the magnitude of the deficit reduces with distance from
the wind farm, suggesting a weakened wake effect, which becomes
negligible at a distance of about 55 km (Flight Leg 9). The distance
where the wake effect becomes negligible varies with height, see the
analysis over the longitude-height transects in Section 3.4.

The wake effect reflected in the modeled TKE at 90 m, 𝑇 𝐾 𝐸𝐻 𝐻 ,
did not extend as far as for wind speed, and seemed to be negligible
at a distance of 15–25 km. The extension of wake effect on TKE at
hub height is comparable to the study of the same case using both the
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Table 2
Set-up of the WRF and the SWAN models in the coupled modeling system.

Category Model Subcategory Details (WRF option number)

Time Simulation length 24 h, 6 h spin-up

Output time step 10 min

WRF time step 45 s
SWAN time step 6 min

Coupling exchange time step 6 min

Resolution WRF, SWAN horizontally 18 km, 6 km, 2 km

WRF vertically 80 sigma levels up to a model top of 50 hPa with 24 (mass)
levels in the lowest 250 m, i.e. about 10 m spacing in the
lowest levels

SWAN frequency 61 frequencies between 0.03 Hz and 10.05 Hz with a
frequency exponent of 1.1

direction 36 bins

Boundary,
Forcing

WRF dynamical forcing data ERA5

land use data CORINE

sea surface temperature OSTIA

land surface model NOAH-LSM (2)

SWAN bathymetry 1/8 arc-minute bathymetry data from EMODnet Digital
Terrain Model (DTM)

boundaries Open boundaries of outer domain set to zero

initial conditions Spectra of a previous uncoupled 24-hour-long SWAN
simulation

Schemes WRF PBL MYNN (5)

Surface layer MO (2)

Microphysics Thompson graupel scheme (8)

Radiation RRTMG scheme (4)

Cumulus parameterization Kain-Fritsch scheme (1) only in domain 1
Diffusion Simple diffusion (1)

2D deformation (4)
6th order positive definite numerical diffusion (2) rates of
0.06, 0.08 and 0.1 for domain 1, domain 2 and domain 3
vertical damping.

Advection Positive definite advection of moisture and scalars (1),
activated 𝑇 𝐾 𝐸 advection

SWAN Wave breaking Constant, 𝛼 = 1.0 and 𝛾 = 0.73
Bottom friction JONSWAP 𝑐 𝑓𝑗 𝑜𝑛 = 0.038
s

i
o

t

t

WRF and the mesoscale model HARMONIE in Fischereit et al. [19]. As
xpected, the simulated 𝑇 𝐾 𝐸𝐻 𝐻 using the four 𝛼− values are almost

the same along Flight Leg 1, and in correspondence to the largest wind
peed deficit, there is the largest increase in 𝑇 𝐾 𝐸𝐻 𝐻 along Flight Leg

2 and 3. The enhanced 𝑇 𝐾 𝐸𝐻 𝐻 as a result of wakes decreased rapidly
from the wind farm to 15 km downwind. Compared with 𝑈𝐻 𝐻 , the
ffect of the different values of 𝛼 becomes obvious on TKE, both at 90 m
nd at 10 m. 𝛼 = 1 corresponds to largest turbine-generated 𝑇 𝐾 𝐸𝐻 𝐻 ;
ccordingly, 𝛥𝑇 𝐾 𝐸10𝑚 is largest with 𝛼 = 1, which is sometimes even
ositive, suggesting the presence of excessive TKE, transported from
he hub height. The strong correlation of 𝛥𝑈10𝑚 and 𝛥𝑇 𝐾 𝐸10𝑚 suggests
hat the acceleration associated with wakes is caused by this excessive
urbulence transported from the hub height to the surface under the

impact of a large 𝛼. The acceleration disappears completely when the
enhanced 𝑇 𝐾 𝐸𝐻 𝐻 becomes negligible at a distance of about 15 km
downwind of the farms N4. Further downwind, as shown in Figs. 4 and
5, the differences in both wind speed and TKE, at both 90 m and 10 m,
between different 𝛼, become negligible.

Compared to wind speed and TKE in the surface layer, the behavior
of 𝐻𝑆 is similar but slightly different, shown in Fig. 5c. The correlation
between 𝐻𝑆 and 𝑈10𝑚 (subplot-a) and 𝑇 𝐾 𝐸10𝑚 (subplot-b) is strong.
When 𝛼 = 1, the positive 𝛥𝑇 𝐾 𝐸10𝑚 corresponds to positive 𝛥𝑈10𝑚,
s well as positive 𝛥𝐻𝑆 . The values of 𝛥𝑈10𝑚, 𝛥𝑇 𝐾 𝐸10𝑚 and 𝛥𝐻𝑆

are mostly negative at 𝛼 = 0.25, 0.1 or 0. Similar to 𝛥𝑇 𝐾 𝐸 and
10𝑚

5 
𝛥𝑈10𝑚, downwind of the wind farm cluster N4, the deceleration first
trengthens and then weakens, with the largest reduction in 𝐻𝑆 25 km

downwind of N4 (along Flight Leg 10). While the difference caused by
𝛼 became negligible for 𝑈10𝑚 and 𝑇 𝐾 𝐸10𝑚 at a downwind distance of 15
km, such effect on 𝐻𝑆 continues longer than 25 km. There is a spatial
phase shift of the wake effect from hub height to the surface, as will be
discussed later in Section 3.3.

Here we use the wave measurements through airborne laser scanner
in B2021 for validation. The wake effect on the wave field was assessed
n B2021 by comparing wave spectra from two rows of data, with
ne ‘‘in the wakes’’, which is close to our transect-B (Fig. 1), and one

‘‘outside the wakes’’, which is close to the our transect-C in the same
figure. We add one more transect-A to the north for the discussion of
he spatial variability.

The wave spectra measurements from B2021 are shown here in
Fig. 6e, for transect-B (dashed curves) and C (solid curves) for Flight
Legs 6–10. The corresponding relative differences between the two
ransects are shown in Fig. 6f for Flight Legs 6–10 (with the additional

Leg 10 compared to B2021). We present the results from modeling in
a similar way by displaying the wave spectra from transects ‘‘under
the wake effect’’ (A and B) and from transect ‘‘outside the wake area’’
(C), here including both WFP (𝛼 = 0.25) and NWF. Similar to Fig. 6e,
Fig. 6a show the simulated wave spectra in the absence of wind farms,
from Flight Leg 5 (15 km from N4) to 10 (65 km from N4), following
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Fig. 4. Case-1. Transects along the 10 flight legs from simulations at hub height. (a) Wind speed at hub height, 𝑈𝐻 𝐻 , without and with WFP where 𝛼 = 1, 0.25, 0.1 and 0 (colors
are explained in the legend); (b) Difference in wind speed at hub height, 𝛥𝑈𝐻 𝐻 , WFP-NWF; (c) Difference in TKE at hub height, WFP-NWF. The longitude of each flight, and the
corresponding flight number are printed in the title of the first row figures. Model data with matching time of the measurements are used.
the three transects A, B and C. Fig. 6c shows such a distribution of
wave spectra in the presence of wind farms by using 𝛼 = 0.25 in the
Fitch scheme. Fig. 6b (NWF) and d (WFP 𝛼 = 0.25) show the spectral
difference in percentage between transect-B and C, corresponding to
Fig. 6f.

Conceptually, due to the presence of wind farms, Fig. 6c and d,
in the presence of wind farms, are expected to align with the ‘‘real
situation’’ Fig. 6e and f. Fig. 6 shows that the model results are
consistent with the observations in B2021 on the following aspects: (1)
As the distance from N4 and the shore increases, the peak frequency
of the wave spectrum decreases and the corresponding spectral energy
increases, suggesting longer and higher waves at longer fetch. This
is the case for both simulations without (Fig. 6a) and with (Fig. 6c)
wind farms. (2) The wave energy ‘‘in the wakes’’ on transect-A and
B is lower than that ‘‘outside the wakes’’ on transect-C. This is true,
however, for both simulation with and simulation without wind farms.
It thus raises the question if the difference between transect-B and C is
actually caused by wakes from N4, or by the spatial variability, or both.
Comparing the energy level in Fig. 6a and c, it can be observed that the
energy level with wind farms (Fig. 6c) is overall lower than that without
wind farms (Fig. 6a). (3) the modeled significant reduction in wave
energy around the peak frequency is similar to that from measurements,
both for NWF and 𝛼 = 0.25, particularly in the frequency range 1–2
rad s−1 (cf. Fig. 6b, d and f). The overall wave energy along transect-
B is lower than transect-C, which for NWF is less than 10% and for
𝛼 = 0.25, it is less than 20%. Fig. 6b shows the energy difference that is
from spatial variability, and not from the wakes of N4, as wind farms
are not included in the simulation. The wakes from N4 contributed
additionally, with enhanced energy reduction closer to N4, showing a
dependence of the downwind distance (Fig. 6d); such a dependence is
more obvious in Fig. 6f than in Fig. 6b. Such an effect is most obvious
6 
for waves with frequencies larger than the peak frequency, as in Fig. 6d
and f, while not so much in Fig. 6b. We note that the calculation of the
relative difference is sensitive to the small values of 𝑆(𝜔) at high 𝜔.

3.2. The fetch effect

It was possible to separate the wake effect from other effects when
applying the numerical modeling. The numerical modeling strongly
suggests the presence of spatial variability, which further suggests that
the measurement data from B2021 are mixed with effects from spatial
variability and wind farm wakes from N4.

The spatial variability can result from general mesoscale, weather-
related, atmospheric flow in the region. It could also be affected by the
fetch effect, as the wind was blowing from land over the sea during this
case. For the wind, the fetch is defined as the unobstructed distance that
wind can travel over water in a consistent direction. As a result, there is
an increase in wind speed as the fetch increases, causing wind gradient
from coastline to open water. Fig. 7a shows such wind gradient over
the area with lower wind speed closer to land. Fetch is an important
factor for wave development; as the fetch increases, waves grow higher
and longer. This was already shown in the wave spectra in Fig. 6a, c
and e. The growing waves with the fetch are also shown in Fig. 7b in
terms of the significant wave height 𝐻𝑆 .

This increasing trend in wind speed and wave height as the distance
from the shore increases is counteracting with the wake effect in
the area downwind of the wind farms. Here, the wake effect causes
reduced wind speed, although the reduction weakens with distance
from the wind farm. This effect can cause challenges in analyzing the
measurements.

It is different for Case-2 from LF2021, for which the wind farm
cluster N3 around Godewind1 is studied. The cluster N3 is shown in
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Fig. 5. Case-1. Transects along the 10 flight legs from simulations at surface. (a) Difference in wind speed at 10 m, 𝛥𝑈10𝑚, WFP-NWF; (b) Difference in TKE at 10 m, 𝛥𝑇 𝐾 𝐸10𝑚,
WFP-NWF; (c) Difference in significant wave height, 𝛥𝐻𝑆 , WFP-NWF. The longitude of each flight, and the corresponding flight number are printed in the title of the first row
figures, as in Fig. 4.
the center of Fig. 8a, surrounded by three chosen points to be stud-
ied: P1 (6.595◦𝐸 , 54.009◦𝑁), P2 (6.810◦𝐸 , 54.030◦𝑁) and P3 (6.994◦𝐸 ,
54.049◦𝑁). During Case-2, the wind direction was from about 250◦. As
a result, the wind and wave fields over N3 are rather homogeneous,
without gradients caused by fetch, see the spatial distribution of wind
speed and 𝐻𝑆 in Fig. 8a and b, respectively. In the absence of wind
farms, the wave spectra are almost identical, supporting the conclusion
that there is no obvious fetch effect on the wave field (Fig. 9a).

3.3. At the surface: do wakes enhance or weaken waves?

3.3.1. Case-1
There is no evidence from B2021 that the waves are enhanced by

the presence of wind farm wake effect downwind of N4. However, such
enhanced waves can be present in the simulation, in connection with
WFP and the use of 𝛼. Figs. 4 and 5, through data along the flight legs,
suggest a positive correlation between the surface flow acceleration
(and hence enhanced waves) and the excessive TKE transported from
the hub height to the surface, particularly when using 𝛼 = 1.

We examine the spatial distribution of change in 𝑈10𝑚 and 𝐻𝑆
between simulations with and without wind farm over N4 and the
downwind area. The data from 14:30 UTC are shown in Fig. 7. While
there are areas that are clearly under the wake effects in each subplot,
the most striking feature of Fig. 7 is where 𝛼 = 1 was used (subplots
a and e). By then, there is an area with accelerated surface wind and
enhanced wave height, both over and shortly downwind of the farms.
The overall patterns in 𝑈10𝑚 and 𝐻𝑆 are however similar for 𝛼 = 0.25,
0.1 and 0. There is a corner in Fig. 7b (with 𝛼 = 0.25) where 𝛥𝑈10𝑚 is
also positive, though only slightly.

The grid points on the three transects A, B and C from Fig. 1 are
marked in Fig. 7. In contrast to Fig. 6 where transect-B and C are
7 
compared for accessing the wake effect, here we calculate the relative
wave energy change between simulation with and without wind farms
along the transect-B. The results are shown in Fig. 10 for the four 𝛼
values. Earlier, Fig. 6b, d, and f show the differences between transects
B and C, (𝑆𝐵 − 𝑆𝐶 )∕𝑆𝐶 , and that the reduction of wave energy in
the no-wind-farm condition is concentrated in the narrow frequency
range around the peak frequency. Compared to Fig. 6, Fig. 10 shows
the differences directly using (𝑆𝑊 𝐹 −𝑆𝑁 𝑊 𝐹 )∕𝑆𝑁 𝑊 𝐹 , which are clearly
more similar to Fig. 6d (modeled with WFP) and Fig. 6f than Fig. 6b
(modeled without WFP), with a clear dependence on the distance from
N4. Compared to Fig. 6b, both Fig. 6d and Fig. 10 show a broader
frequency range where significant 𝛥𝑆 are present. For the tracks with
the most dominant wake effects (Flight Leg 4, 5 and 6), the largest
wave energy reduction occurs at a frequency around 2 rad s−1. Along
the closest downwind Leg 2 to 4, with distance 2 km and 5 km from
N4, respectively, using 𝛼 = 1 results in increased wave energy in some
frequency ranges, leading to enhanced 𝐻𝑆 over and downwind of the
wind farms.

The wake-caused change in 𝐻𝑆 is displayed in Fig. 11 as a function
of longitude at 13:30, 14:30 and 15:30 UTC, covering the flight dura-
tion. Note that from 13:30 to 15:30 UTC, the wind speed has increased
by 2 m s−1, and accordingly the magnitude of 𝛥𝐻𝑆 also increased, with
the maximum value on the transect changed from −0.02 to about
−0.08 m. The largest reduction is a bit distant from N4, as a result of
both horizontal and vertical propagation from hub height; this will be
discussed in Section 3.4. The distribution of the change in the wave
spectra with frequency is however quite similar for 𝛼 = 0.25, 0.1 and
0. Such a similarity is true for 𝐻𝑆 as a function of the longitude.

3.3.2. Case-2
For the long-fetch Case-2, Fig. 12a and b show an example of the

wind speeds and TKE at flight heights along the south-north flight legs
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Fig. 6. Case-1. Wave spectra at points on transect-A (dotted), B (dashed) and C (solid) as defined in Fig. 1, with flight legs (with number) in different colors: showing the effect
of fetch and wake. This is to compare with the method applied in B2021 for assessing the wake effect. (a) NWF; (b) NWF: Spectrum difference between transect-B and C; (c)
𝛼 = 0.25; (d) 𝛼 = 0.25: Spectrum difference between transect-B and C; (e) Measurements from B2021 (not including Flight Leg 5); (f) Spectrum difference between transect-B and
C, measurements, from B2021.
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over the Godewind1 wind farm from 14:30 UTC on 14 Oct. 2017,
similar to Fig. 10 from LF2021. The values for 𝛼 = 1 and 0.25 are
similar to those in LF2021, suggesting minor effects contributed by

aves at this height in the simulation. The magnitudes of 𝑈𝐻 𝐻 and
 𝐾 𝐸𝐻 𝐻 are best captured by 𝛼 = 1, followed by 𝛼 = 0.25, 0.1 and 0,
orresponding to smaller and smaller wake effects.

The spatial distributions of 𝛥𝑈10 with 𝛼 = 1 and 0.25 are shown in
Fig. 8c and e, respectively, and those of 𝛥𝐻𝑆 with 𝛼 = 1 and 0.25 are
shown in Fig. 8d and f. The corresponding distributions for 𝛼 = 0.1 and
 are similar to 𝛼 = 0.25, with a similar degree of difference to those

in Fig. 7a–d, and they are not shown here. Consistent with simulations
or Case-1, when 𝛼 = 1 is used, the surface wind acceleration is present
n the simulated data downwind of wind farms, where surface waves
re enhanced as a result.

For Case-2, we examined the 10-m wind speeds from the SAR data
upwind and downwind of the wind farms (Fig. 1a from LF2021), which
how reduced surface wind speed downwind of wind farms, with no
low acceleration. Fig. 12c shows such an example where the 10-m
ind speed from SAR and simulations (with 𝛼 = 1 and 𝛼 = 0.25) are
 p

8 
plotted together along the line shown in Fig. 8a. The SAR data over the
ind farm area are not reliable and therefore not shown. The upwind

and downwind wind speeds from the SAR are around 7.5 and 7 ms−1,
with an overall reduction in wind speed. The corresponding values for
𝛼 = 0.25 are around 8 and 7.3 ms−1. For 𝛼 = 1, the upwind wind speed
is the same as that for 𝛼 = 0.25, but downwind close to the wind farm,
the wind speed is first higher than upwind speed, and then decreases
with distance before recovering. This example shows that the simulated
acceleration of the surface wind here is an artifact associated with the
use of 𝛼 = 1.

We analyze the wave spectral behaviors at the three chosen grid
points as shown in Fig. 8. Different from Case-1, here, while P1 is
ight downwind of the wind farms Borkum Riffgrund1, Borkum1 and

2 (Borkum) wind farms, P2 is some distance downwind, and P3 is
nfluenced by the farm wakes from both Borkum and Godewind1. When
sing 𝛼 = 1, only at P1 waves are enhanced, while waves at both P2
nd P3 are weakened by wakes (Fig. 9b). In addition, the effects from
he wind farm wake are reflected at different frequencies at the three
oints (Fig. 9b). The result is considerably different when using 𝛼 = 0.25
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Fig. 7. Case-1. Spatial distributions of 𝑈10 and 𝐻𝑆 in the absence of wind farms (a, b), 𝑈10,𝑊 𝐹 −𝑈10,𝑁 𝑊 𝐹 (left column) and 𝐻𝑆 ,𝑊 𝐹 −𝐻𝑆 ,𝑁 𝑊 𝐹 (right column) for 8 August 2017 at
14:30 for different values of 𝛼: Line 2 (c, d) 𝛼 = 1; Line 3 (e, f) 𝛼 = 0.25; Line 4 (g, h) 𝛼 = 0.1; Line 5 (i, j), 𝛼 = 0.
(Fig. 9c and d), where the wake effect consistently results in weakened
waves, with the effect increasing from P1 to P3, as a result of wake
propagation and superposition from several wind farms.

We note that the area of affected wave fields reaches a lot further
downwind in Case-2 than in Case-1. It could be caused by a combined
effect from atmospheric stratification and wind speed; it is a subject
that deserves further investigation.

3.4. Spatial distribution on the distance-height transect

In the absence of wind farms, as surface is the source of turbulence,
the momentum fluxes < 𝑢′𝑤′ > and < 𝑣′𝑤′ > are negative and their
magnitude decreases with height in the boundary-layer. So does TKE.

Associated with the Fitch scheme, the extra source term in the
presence of wind turbines (Eq. (2)) is responsible for the turbine-
generated TKE, which is treated as a scalar in WRF. In WRF, the total
TKE (consisting both of the wake-related TKE and non-wake related
TKE) affects the magnitude of the momentum flux as shown in Eq. (3)
9 
through 𝑞 = 2 ⋅ 𝑇 𝐾 𝐸 and thus its vertical distribution from hub height
to the surface. The vertical distribution of the momentum flux in turn
affects if the flow accelerates or decelerates, as shown in Eq. (4). Similar
analysis has been done in Fitch et al. [3] for the original study where
𝛼 = 1; they observed a positive sign of the momentum flux close to
the surface, where −𝜕𝑢′𝑤′∕𝜕 𝑧 > 0 and hence the acceleration. Here
we expect to see consistent pattern of TKE and the momentum fluxes.
When using smaller values of 𝛼, here 0.25 or smaller, the turbine-
induced turbulence is significantly reduced to 25% or less, which, when
being transported to the surface, does not usually turn the sign of the
momentum flux around, and thus no flow acceleration is obtained in
the calculation.

< 𝑢′𝑖𝑢′𝑗 >= −𝐿𝑞 𝑆𝑀
𝜕𝑢𝑖
𝜕 𝑧 (3)

where < 𝑢′𝑖𝑢′𝑗 > are the second-order turbulence momentum flux, which
is a function of the mixing length 𝐿, stability function 𝑆𝑀 , and

𝑑𝑢𝑖 = ⋯ −
𝜕𝑢′𝑖𝑢

′
𝑗 +⋯ (4)
𝑑 𝑡 𝜕 𝑥𝑗
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Fig. 8. Case-2. Spatial distribution of simulated (a, b) wind speed at 10 m and significant wave height with no wind farms; (c, d) deficit of wind speed 𝛥𝑈10𝑚 = 𝑈10,𝑊 𝐹 −𝑈10,𝑁 𝑊 𝐹
and significant wave height 𝛥𝐻𝑆 = 𝐻𝑆 ,𝑊 𝐹 −𝐻𝑆 ,𝑁 𝑊 𝐹 with 𝛼 = 1; (e, f) similar to (c, d), but with 𝛼 = 0.25. On 14 Oct. 2017, 15:00. The red line in (a) is the transect used for
comparing the SAR and modeled surface wind speed.
The spatial distribution of wind speed and TKE with longitude and
height provides a direct explanation to the behaviors at surface in
relation to hub height, as well as upwind, over and downwind the wind
farm. Figs. 13 and 14 show such an example for Case-1 at 14:30 UTC.
The magnitude of 𝛥𝑈 at hub height between WFP and NWF is smallest
when 𝛼 = 1 (3.3 ms−1) and it increases with decreasing 𝛼, with the
corresponding maximum value 3.5, 3.7 and 4 ms−1 for 𝛼 = 0.25, 0.1
and 0, respectively. Along transect-B, at the bottom of the wind farm
area, only for 𝛼 = 1 an acceleration is present from the surface to about
50 m, which is marked in Fig. 13a with ‘‘> 0’’ (yellow area). The spread
of the wind speed deficit from the hub height and from the turbines
downwind results in the shift of the maximum deficit area to the west,
away from the farm.

The magnitude of 𝛥𝑇 𝐾 𝐸 around the hub height between WFP
and NWF is largest when 𝛼 = 1, and it decreases with decreasing 𝛼.
This is shown in Fig. 14 for the time 14:30 UTC as an example. The
corresponding maximum difference values are 1.48, 0.65, 0.44 and
0.37 m2s−2 for 𝛼 = 1, 0.25, 0.1 and 0. The difference in the horizontal
and vertical spatial distribution of 𝛥𝑇 𝐾 𝐸 caused by 𝛼 values is more
obvious than that of 𝛥𝑈 in Fig. 13. When 𝛼 > 0 (Fig. 14a–c), TKE from
turbines contributed to the enhanced values over the vertical space
above the wind farm, mostly concentrated in two-rotor areas above the
10 
hub height. When 𝛼 = 1, with the large value of TKE, 𝛥𝑇 𝐾 𝐸 is positive
in the first tens of meters, which was also shown in Fig. 2. This positive
𝛥𝑇 𝐾 𝐸 disappeared when 𝛼 is 0.25 or less. When 𝛼 = 0, when the farm-
generated TKE is absent, the distribution of 𝛥𝑇 𝐾 𝐸 is mostly horizontal,
suggesting an efficient advection of TKE from the ambient flow.

4. Discussions

We used two cases to investigate the research questions regarding
how the description of the wind farm effect in the mesoscale model af-
fects the vertical transport of turbine-generated TKE, and consequently
the surface waves.

Two cases alone will not provide a full answer to these research
questions; they however contribute to our understanding of the dynam-
ics between atmosphere, waves and wind farm wakes, under different
meteorological conditions and with different relations to the upwind,
land effect.

Apart from their unique, respective background, another reason of
revisiting the two cases is the availability of various simultaneous mea-
surements. For the purpose of studying wakes, one obvious shortcoming
of measurement data is that there is only one realization of reality,
either in the presence or in the absence of wind turbines or farms. When
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Fig. 9. Case-2. Wave spectra properties at the three points P1, P2 and P3 shown in Fig. 8 with same legends shown in subplot-(b). (a) Wave spectra as a function of radian
frequency, where the spectra are the same at P1, P2 and P3; (b) Difference in wave spectra with and without wind farm, 𝛥𝑆 = 𝑆𝑊 𝐹 𝑃 − 𝑆𝑁 𝑊 𝐹 using 𝛼 = 1; (c) relative difference
𝛥𝑆∕𝑆𝑁 𝑊 𝐹 with 𝛼 = 0.25; (d) Difference in wave spectra with and without wind farm, 𝛥𝑆 = 𝑆𝑊 𝐹 𝑃 − 𝑆𝑁 𝑊 𝐹 using 𝛼 = 0.25.
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we have only measurements, people need to be creative to ‘‘extract’’
information about wakes. Bodini et al. [6] and Langor [28] used

easurements before and after the wind farms were in operation, and
sed the difference between the two periods to describe the wind farm
ake effect. By doing so, one has to ignore the inter-annual variability

n the measurements, which might bring considerable uncertainty in
he analysis. B2021 categorize the flight data (that are continuous in

time) in in- and outside of the wind farm wake region and used the
difference between the two areas to describe the wake effect. By doing
o, one has to assume spatial homogeneity in the background flow,

which also could be a source of uncertainty in the quantification of
wake effects. The SAR data that have been prepared for wake analysis
often show directly the spatial distribution of surface winds close to
the wind farms. The SAR images can be challenged by a few facts, too.
Often an image covering wind farm clusters consists of several scenes,
which can differ in time, and during this time, there is a chance the
background flow may have changed. In other occasions, some images
show only local winds close to the wind farms, and we might miss an
overview of a larger picture of the background flow variability.

Numerical modeling provides four dimensional data describing me-
teorological and wave conditions continuously in time and space. It also
llows the calculation of the wind farm wake effect being activated or
eactivated, providing two scenarios that no measurements can. Our
ollowing-up investigation of Case-1 from B2021 demonstrates the chal-
enges in applying measurements alone for studying wake effects; even
hough the signals of the wake effect are clear, it is nevertheless hard to
uantify this effect. This is caused by the weakness in the assumption of
patially homogeneous background flow. Case-1 is complicated by the
imited fetch effect of both atmospheric flow and wave development.
he numerical modeling makes it possible to separate the wake effect
rom the rest.
 i

11 
We use a mesoscale modeling system consisting of WRF with WFP
and SWAN. Such a system is limited in its ability in reproducing the
sub-grid flow, including wake effects. The model provides outputs every
2 km, but only fully resolves the flow characteristics at a scale of about
14 km. Measurements are thus important and necessary for quality
check of the simulations. Due to the limitations of a mesoscale model,
ome of the comparisons with measurements are rather qualitative. For
ase-1, the model succeeded in capturing the following wake effects as
uggested by the flight measurements: (1) the extension of the wake
rea downwind N4; (2) the reduced wind speed and enhanced turbu-
ence in the wake area; (3) the reduced wave energy in the wake area in

comparison with that outside of the wake area, with a clear dependence
on the distance from N4. For Case-2, the model has demonstrated its
ability in successfully capturing most of the atmospheric features shown
both in LF2021 and in this paper. These provide us credibility in further
analyzing the model results, with wake effects included and excluded,
respectively.

Together with measurements, the modeling suggests that the ob-
served reduction of wave energy in the frequency domain is a mixed
effect from wakes, and spatial variability (partly caused by fetch effect).
By comparing Fig. 6b (no wake, with spatial variability) and 6d (wake,
with spatial variability), the effect of wakes can be extracted as reduced
wave energy spread across the frequencies > 1 rad s−1, which shows a
dependence on the distance from the wind farms. This differs from the
on-wake spatial variation characterized by concentrated wave energy
eduction in the frequency range 1–2 rad s−1, with multiple peaks at
requencies corresponding to the net wind forces from the fetch and
ake effect. By removing the spatial variability, and using data with

and without wakes at the same locations, Fig. 10 shows that the wake
nduced wave energy reduction is also across all frequencies higher
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Fig. 10. Case-1. Difference in wave spectral energy in percentage (𝑆𝑊 𝐹 − 𝑆𝑁 𝑊 𝐹 )∕𝑆𝑁 𝑊 𝐹 as a function of frequency at grid points on flight legs 1–10 up- and downstream of the
wind farms N4, following transect-B in Fig. 1. (a) 𝛼 = 1; (b) 𝛼 = 0.25; (c) 𝛼 = 0.1 and (d) 𝛼 = 0 at 14:30.
Fig. 11. Case-1. Difference in 𝐻𝑆 between wind farms considered and not considered (𝐻𝑆 ,𝑊 𝐹 −𝐻𝑆 ,𝑁 𝑊 𝐹 ), with 𝛼 = 1, 0.25, 0.1 and 0, at (a) 13:30, (b) 14:30 and (c) 15:30, along
the transect-B. The thick, black line indicates approximately the location of N4.
than about 1 rad s−1, with more clear peak at about 2 rad s−1. Case-2
showed similar wave energy reduction across the frequency range; with
stronger winds and longer fetch than case 1, the waves are stronger and
more in equilibrium over the space represented by P1, P2 and P3, with
the peaks more or less around 1.1 rad s−1.

This study demonstrates the importance of applying numerical mod-
els to assist the analysis of measurements. Numerical modeling makes
it possible to isolate the fetch effect from wake effect. B2021 did one
level of separating by grouping the data in and out of the wake region.
Without these processes of separating one factor from another, and
without addressing the fetch effect, one may find it confusing when
interpreting the increasing background flow wind speed with increasing
distance from N4 as shown in Fig. 2. To acknowledge and include
the fetch effect is essential for designing wind farms in the coastal
zones and it remains a challenging subject for many kinds of modeling
approaches, e.g., the accuracy in mesoscale numerical modeling, and
the inclusion in engineering wake modeling.
12 
Flow acceleration has been reported in numerical simulation results
in connection with wind farm wake modeling. Enhanced radar scatter
signals have also been reported in SAR images downwind of wind
farms, which sometimes are interpreted as flow acceleration. Whereas
flow acceleration on the edge of wind farms has been consistently
observed, e.g. by flight [13], and SAR [29], the patterns of flow
acceleration downwind of wind farms have not been shown consis-
tently by measurements and modeling. For Case-2, SAR data do not
suggest flow acceleration directly downwind of the wind farms, but
the model can produce such an acceleration when we allow intensive
vertical transport of TKE from hub height to the water surface by
using 𝛼 = 1 in connection with the Fitch WFP scheme. For both of
the two cases, whereas using 𝛼 = 1 provides best results for both
reduction in wind speed and enhancement in TKE locally close to the
hub height, it brought excessive TKE to the surface and introduced flow
acceleration and enhanced surface waves, which are in contradiction
with measurements.
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Fig. 12. Case-2. (a) Wind speed and (b) TKE at height of about 250 m above the wind farm Godewind1, measured by flights (from 15:00–17:00 UTC) and modeled (15:30 UTC)
using NWF, 𝛼 = 1, 0.25, 0.1 and 0. The thick black line on the 𝑥-axis shows the extend of wind farm. (c) Comparison of wind speed at 10 m between SAR (17:17 UTC) and
simulations using 𝛼 = 1 and 0.25 (17:20 UTC) along the line shown in Fig. 8a, from west to east.
h
p
h
c

Our study suggests using 𝛼 = 1 is suitable for the analysis of wind
peed and power production close to hub height, but it is not suitable
or analysis at heights far from the hub height, e.g., the surface layer,
nd particularly for analyzing waves. Using smaller 𝛼 values seems to
e a more suitable choice if we are interested in lower levels, e.g. a
alue of 0.25. It is not easy to decide which 𝛼 value to use; we tend
o agree with the findings from Ali et al. (2023) that ‘‘a constant
orrection factor (𝛼) is unlikely to be suitable for all scenarios’’. We
eed measurements on detailed vertical distribution of TKE under
he wake effect for different meteorological conditions to help us to
mprove the description of the vertical transport of turbine-induced TKE
rom its origin.

5. Conclusions

This study demonstrates the strength of applying the fully coupled
umerical modeling system in understanding the complicated mech-

anism of atmosphere-wave-wake interaction. It assists the analysis of
easurements, which can bring difficulties in the analysis, due to their

limitations in temporal and/or spatial coverage. For the subject of
akes, they can only represent one reality, either in the presence or

he absence of wind farm wakes. The modeling system used here fully
ouples atmosphere, waves and wind farm parameterizations; it is one
f the few that exist. Its capability in isolating a specific component
e.g., wakes) from other components (e.g., winds and waves), as well

s combining all these components, makes it possible to decompose

13 
the complicated reality into more straightforward situations, which
elps us to investigate our research questions. Cases studies are not ex-
ected to provide general answers to these research questions, they are
owever valuable for test and demonstrate such a model-measurement
ombined approach.

Through the two carefully chosen cases, it becomes clear that, for
both the calculation of winds and waves relevant for offshore wind
energy, more investigations are needed to understand the mechanisms
and impact of the interaction between atmosphere, waves and wind
farm wakes. This is partly the reason that not all validation has been
quantitative, rather many of the validation have been on the concep-
tual, higher level, e.g., is it an acceleration or a deceleration? The
numerical modeling suggests that the surface winds can accelerate in
the presence of excessive turbine-generated turbulence transported to
the surface layer from the hub height. This, however, did not happen
in reality with the two cases, where various types of measurements
suggested reduced wind speed and hence weakened waves as a result of
the wind farm wake effect. The current description provides satisfactory
results for hub height when 𝛼 = 1 is used, but 𝛼 = 1 corresponds
to excessive turbine-generated TKE at the surface, causing artificial
surface flow acceleration and enhanced waves. 𝛼 = 0.25 is more suitable
for the atmospheric surface layer and air–sea interface. This study thus
shows that a more dynamic description of the advection and vertical
transport of turbine-generated TKE is needed. A more systematic nu-
merical model setup tests will be necessary, to obtain more quantitative
assessment of the modeling results. For such an investigation, we also
need more measurement campaigns that are designed for this purpose.
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Fig. 13. Case-1. Difference in wind speed between with and without wind farms (𝛥𝑈 = 𝑈𝑊 𝐹 − 𝑈𝑁 𝑊 𝐹 ), along transect-B over height up to 360 m, at 14:30. (a) 𝛼 = 1 (largest
deficit: −3.3 ms−1); (b) 𝛼 = 0.25 (largest deficit: −3.5 ms−1); (c) 𝛼 = 0.1 (largest deficit: −3.7 ms−1); (d) 𝛼 = 0 (largest deficit: −4.0 ms−1). White lines suggest approximately the
wind farms, with the solid line being the hub height and the dashed lines being the rotor area.

Fig. 14. Case-1. Similar to Fig. 13, but for the difference in TKE between with and without wind farms (𝛥𝑇 𝐾 𝐸 = 𝑇 𝐾 𝐸𝑊 𝐹 − 𝑇 𝐾 𝐸𝑁 𝑊 𝐹 ). (a) 𝛼 = 1 (largest difference: 1.48 m2s−2);
(b) 𝛼 = 0.25 (largest deficit: 0.65 m2s−2); (c) 𝛼 = 0.1 (largest deficit: 0.44 m2s−2); (d) 𝛼 = 0 (largest deficit: 0.37 m2s−2).
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