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Abstract. While the wind farm parameterization by Fitch et al. (2012) in Weather Research and Forecasting (WRF) model has

been used and evaluated frequently, the Explicit Wake Parameterization (EWP) by Volker et al. (2015) is less well explored.

The openly available high frequency flight measurements from Bärfuss et al. (2019) provide an opportunity to directly compare

the simulation results from the EWP and Fitch scheme with in situ measurements. In doing so, this study aims to compliment

the recent study by Siedersleben et al. (2020) by (1) comparing the EWP and Fitch schemes in terms of turbulent kinetic energy5

(TKE) and velocity deficit, together with FINO
:
1 measurements and Synthetic Aperture Radar (SAR) data and (2) exploring

the interactions of the wind farm with Low Level Jets.
:::
This

::
is
:::::
done

::::
using

:::::
WRF

::::
with

:::
the

:::::
code

:::
bug

:::::
fixed

::
for

:::::::::
advection

::
of

:::::
TKE,

::::::::
following

::::::::::::::::
Archer et al. (2020).

:

Both the Fitch and the EWP schemes can capture the mean wind field in the presence of the wind farm consistently and well.

However, their skill is limited in capturing the flow acceleration along the farm edge. TKE in the EWP scheme is significantly10

underestimated, suggesting that an explicit turbine-induced TKE source should be included in addition to the implicit source

from shear. The
::::
value

::
of
:::
the

:::::::::
correction

:::::
factor

:::
for

:::::::::::::
turbine-induced

::::
TKE

:::::::::
generation

::
in
:::
the

:::::
Fitch

::::::
scheme

::::
has

:
a
:::::::::
significant

::::::
impact

::
on

:::
the

:::::::::
simulation

::::::
results.

::::
The position of the LLJ nose and the shear beneath the jet nose are modified by the presence of wind

farms.

Copyright statement.15

1 Introduction

Offshore wind energy has been developing fast in recent years. Consequently, wind farms are growing bigger and bigger in

both capacity and spatial sizes. For instance in the North Sea, a farm can extend over tens of kilometers, sometimes forms

clusters
:::
and

:::::
merge

:
with neighbouring farms, resulting in a cluster size of several thousands of km2, e.g. the Hornsea area

(7240 km2); see www.4coffshore.com
:::::::::
4Coffshore

:::
and

:::::::::::::::::::::::::::
Díaz and Guedes Soares (2020) for an overview of

::
the

::::::
current

::::::
status20

::
of

:::::::
offshore wind farms. Wind turbines and farms extract momentum from the atmospheric flow and interact with it, causing

reduction in wind speed and increase
::::::
changes

:
in turbulence in the wake regions. To assess such impact over areas with sizes of

modern farm-clusters, mesoscale modeling has shown to be a useful tool in including synoptical and mesoscale wind variability.
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Several mesoscale models have been used to study the wind farm effects, and the Weather Research and Forecasting (WRF)

model (Skamarock et al., 2007) is the most-used mesoscale model
:::
for

:::::::
studying

::::
this

::::::
subject, according to a recent review by25

Fischereit et al. (2021).
:::::
There

:::
are

::::::
mainly

::::
two

:::::
kinds

::
of

:::::::
methods

::
to

:::::::::::
parameterize

:::
the

::::::
effects

::
of

:::::
wind

:::::
farms

::
on

:::
the

:::::::::::
atmosphere:

:::
one

::
is

:::
the

:::::::
implicit

:::::::
method

:::
that

::::::::::::
parameterizes

:::
the

::::::
effects

:::::::
through

:::
an

:::::::
increase

:::
in

::::::
surface

:::::::::
roughness

::::::
length,

::::
and

:::
the

:::::
other

::
is

::
the

:::::::
explicit

:::::::
method

:::
that

::::::::::::
parameterizes

:::
the

::::::
effects

:::::::
through

::
an

::::::::
elevated

:::::::::
momentum

:::::
sink. In connection with the use of WRF,

the wind farm parameterization (WFP) scheme
:::::::::::::::
(Fitch et al., 2012), called the Fitch scheme here(Fitch et al., 2012) ,

:
and the

explicit wake parameterization (Volker et al., 2015), called the EWP scheme here, are the two most commonly applied explicit30

wind farm parameterizations. Most publications
:::::::
previous

::::::
studies used the Fitch scheme (Fischereit et al., 2021).

The Fitch scheme has long been implemented in WRF, which makes it convenient for users, regarding further development,

investigation, application and validation. The EWP scheme, on the other hand, is not included in the official WRF repository

and it has not been explored and validated as frequently. Studies comparing the two schemes on the calculation of the turbu-

lent kinetic energy (TKE) are thus limited. Volker et al. (2015, 2017),
::::::::::::::::
Volker et al. (2015),

::::::::::::::::
Volker et al. (2017)

:
, Catton (2020),35

Pryor et al. (2020) and Shepherd et al. (2020) are the few, with the first two
::::
three

:
addressing offshore wind farms, and the

last two onshore wind farms. These studies consistently show that the Fitch scheme provides
::::::::
generates

::::::::::
significantly

::::::
larger

wind-farm-induced TKE significantly larger
::::
TKE

::::::
values than the EWP scheme does. The two schemes differ with respect to

their treatment of turbine-induced forces in the momentum equation as well as to their treatment of wind farms as a source

of TKE. In the Fitch scheme, the turbine-induced force is represented by a local thrust force (as a function of the thrust co-40

efficient) acting on the turbine-swept area. In the EWP scheme, a grid cell averaged drag force is applied that accounts for a

sub-grid scale vertical wake expansion based on the concept from Tennekes and Lumley (1972). With respect to TKE, in the

Fitch scheme wind turbines are treated as an explicit source of TKE. By neglecting mechanical losses, turbine-induced TKE is

a function of the difference between the power and the thrust coefficients. While in the EWP scheme, no explicit source term

is considered
::
for

:::::
TKE and the turbine-induced TKE arises solely

::::
from

:
the shear production in the wind farm wake.45

TKE describes the fluctuation of kinetic energy and it is related to the turbulence, which is a key wind-energy application

parameter. The modelling of wind-farm-induced TKE from the Fitch scheme has been previously evaluated in a number of case

studies with measurements from profiling lidars (Lee and Lundquist, 2017a, b). With considerable uncertainties embedded with

the lidar technique, Lee et al. showed that TKE from the Fitch scheme can capture the general pattern from the measurements.

Siedersleben et al. (2020) (hereinafter S2020) used in situ high-frequency airborne measurements to evaluate TKE from the50

Fitch scheme in WRF for three case studies. They found that the Fitch scheme overestimates the TKE on the upwind side of the

wind farm and underestimates it on the downwind side. They also noted that capturing the background meteorology is crucial

to evaluate the performance of the scheme, which they managed only within their case study II.

During the case study II of S2020, there were Low Level Jets
:::
were

:::::::
present over the area.

::::
LLJs

::::
over

:::
the

::::::::
Southern

:::::
North

::::
Sea

::
are

:::::::
mostly

:::::::::
associated

::::
with

::::::::
relatively

:::::
warm

::::::::::
continental

:::
air

:::::
being

::::::::
advected

::::
over

::::::
cooler

:::
sea

:::::::
surface,

::::::
where

:
a
::::::

stable
:::::::
internal55

::::::::
boundary

::::
layer

:::::::::
develops,

:::::::
causing

:::::::::::::
quasi-frictional

:::::::::
decoupling

::::
and

:::
an

::::::::::
acceleration

:::
of

:::
air

:::::
mass.

::::
The

::::::::::
phenomena

:::
are

::::::
rather

:::::::
common

::
in

::::::
coastal

::::::
regions

:::
and

::::
they

::::
have

::::
been

:::::::
studied

::
in

:
a
::::
long

:::
list

::
of

::::::::
literature,

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Smedman et al., 1993, 1995; Dörenkämper et al., 2015; Wagner et al., 2019; Kalverla et al., 2019)

:
. Wagner et al. (2019) showed that LLJs are a common phenomenon in this

::
the

::::::::
Southern

:::::
North

:::
Sea

:
area: by analysing of one-
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and-an-half year of campaign measurements using lidar and a passive microwave radiometer
:::::::::::
measurements

:
over the Southern

North Sea
:
, they found that LLJs occurred on about

:::::
during

:
65% of the days during the campaign

::::
time,

::::
LLJs

::::::::
occurred

:::
for

::
a60

:::::
certain

::::::
period

:::
on

::::
these

::::
days. Flow from the southwest (such as case II) is one of the favourable conditions in forming LLJs in

this area. Wagner et al.’s data show that LLJs in association with flow from the south and the southwest typically have the
:
a

jet nose (wind speed maximum) height from
:::::::
between 200 m to

:::
and

:
300 m. This is expected to have non-negligible impact on

the turbine performance, which is related to not only
:::
not

::::
only

::::::
related

::
to the increased wind resource

:::::::
resources, but also to the

unusual vertical distribution of wind shear, with enhanced shear beneath the jet nose and negative shear above it. Thus, turbu-65

lence will also be
:
is

::::
also affected, causing considerable

::::::::
additional

:
uncertainties in the estimation of relevant key parameters ,

such as load
::::
such

::
as

:::::::::
turbulence

::::::::
intensity,

:::
gust

::::
and

:::::
loads. It has not yet been documented in the literature how the structure of

LLJ is affected by the presence of large wind farms. There also lack published studies showing how the wind farm wakes are

affected by
::
in the presence of LLJs.

This study takes advantage of the open source flight data from Bundesnetzagentur (2019) and Bärfuss et al. (2019a), and70

follows up on the recently publication by S2020. The purpose
:::
The

:::::::
purpose

::
of

:::
this

:::::
study

:
is thus two folds: (1)

::::
First,

::
it

:::::
refers

::
to

::::
what S2020 pointed out: “For comparison, it would be interesting to simulate case study II with the wind farm parameterization

of Volker et al. (2015)”. With the availability of the high frequency velocity measurements
::::::::
published

::
in

::::::::::::::::::
Bärfuss et al. (2019a)

, this study contributes to this knowledge gap through revisiting the case study II in S2020 and comparing the
::::
wind

:::::
farm

:::::
effects

::::::::
modelled

:::::::
through

:::
the

:
EWP and the Fitch schemesin the WRF modeling. This study will thus also be the first to use75

measurements to verify the calculations of TKE using
::
in the EWP scheme. (2) Studying

:::::::
Second,

::
we

:::::
study

:
“case study II” from

14 Oct 2017 in S2020 to examine the the wind characteristics under the impact of both wind farm wakes and LLJs.

The methods used here are introduced in the next section
::::
Sect.

:
2, including the measurements and the WRF model setup.

The results will be presented in Sect. 3, followed by discussions in Sect. 4 and conclusions in Sect. 5.

2 Method80

The case study from 14 Oct 2017 will be modeled here using WRF applying
::
is

:::::::
modeled

:::::
using

:::::
WRF

:::::
v3.7.1

::::
with

:
both the EWP

and Fitch scheme
::::
wind

::::
farm

::::::::::::::
parameterization

:::::::
schemes; details of the model setup are given in Sect. 2.2. The model output will

be analyzed together with various measurements in line with S2020. These measurements are introduced in Sect. 2.1. In this

study, time in both the measurements and the modeled data is presented in UTC.

2.1 Measurements85

Case study II from S2020 took place on 14 Oct 2017. Along with warm air advection from land to sea, LLJs formed. Wind

farm wakes were generated, which is obvious from the Synthetic Aperture Radar (SAR) data as the streaks of reduced wind

speed, as shown in their Fig. 4a, which is re-produced here in Fig. 1.

:
a.
:
Three types of measurements are used here to study this event. The first is the open access measurements ,

::::::
which

:::
will

:::
be

::::::::
described

::::::::::
individually

::
in

:::
the

:::::::::
following.90
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:::
The

::::
first

:::
are

:::
the

:::::::
publicly

::::::::
available

:::::::
airborne

:::::::::::
measurement

::::
data published in Bärfuss et al. (2019a), Lampert et al.

::::::::
described

::
in

::::::::::::::::::
Lampert et al. (2020) and Platis et al. (2018), and analyzed in S2020. The measurements are briefly introduced here and

their details can be found in these publications. The flight track on the 14 Oct 2017 is re-produced here as
::
in

:
Fig. 2. The

transect-flight over the wind farm is indicated in cyan
:::::
green and labelled by “a”. The colored blocks labeled with digits 1 to

6 indicate profiling flights along the track
::::
from

:::
the

::::::
surface

::
to

:::::
about

::::
600

::
m. The start and end time of each profiling flight are95

provided in Table 1.

The flight data include: (1) Vertical profiles of a number of variables, including temperature T (K), pressure P (hpa), and

the along-wind, cross-wind and vertical-wind components, u, v and w, respectively, from these profiling flights from the

surface to about 600 m. Following S2020, we calculated the potential temperature θ from temperature T and pressure P using

θ = T · (P0/P )0.2859, where P0 = 1000 hPa. These
:::
The

:
profile data provide background information, and are not affected by100

wind farm wakes (see Fig. 2 for their position relative to the farmsduring the flight period). We call these data “profile-flight”;

(2) Horizontal flight data for u, v and w, among other variables, .
::
In

::::::::
contrast,

:::
the

::::::
transect

:::::
flight

:
above the wind farm at 250 m

; these data are
:::::
height

::
is
:
affected by the wind farms

::::
farm. We call these data “transect-flight”.

We downloaded the flight data from Bärfuss et al. (2019a). The
::::
data

:::::::
include,

::::::
among

::::::
others,

::::::::::
temperature

::
T

:::
(K),

::::::::
pressure

::
P

:::::
(hpa),

:::
and

:::
the

::::::::::
along-wind,

:::::::::
cross-wind

:::
and

::::::::::::
vertical-wind

::::::::::
components,

::
u,

::
v

:::
and

::
w,

:::::::::::
respectively.

::::::::
Following

::::::
S2020,

:::
we

:::::::::
calculated105

::
the

::::::::
potential

::::::::::
temperature

::
θ

::::
from

::::::::::
temperature

::
T

::::
and

:::::::
pressure

::
P

:::::
using

::::::::::::::::::
θ = T · (P0/P )0.2859,

:::::
where

:::::::::
P0 = 1000

::::
hPa.

::::
The flight

measurements are sampled at a frequency of 100 Hz
:
at

:::
an

::::::
aircraft

::::::
ground

::::::
speed

::
of

:::
66

:::::
ms−1, corresponding to a horizontal

resolution of 0.66 m (Platis et al., 2018). The flights over Godewind 1 were conducted at an elevation of 250 m, slightly above

the rotor top (187 m, with hub height 110 m and diameter 154 m
:::::::
(S2020), see also Table 4). For the analyses of the vertical

profile, we averaged the profile-flight data over a vertical interval of 10 m. For the transect-flight data, TKE is calculated110

following TKE = 0.5 · (σ2
u +σ2

v +σ2
w), where σu, σv and σw are standard deviation of the three wind components. The

calculation is done over windows
:::::::
standard

:::::::::
deviations

:::
are

::::::
derived

::::
over

::::
data

:::::
length

:
of both 2 km and 1.5 km. The choice of the

window
:::
data

:
length is made following the argument in Platis et al. (2018) for the turbulence length scales, where they used

:
.

::::
They

::::
used

::
a
::::
data

:::::
length

::
of

:
1.5 km. Given the background wind speed approximately 10 - 15 ms−1, the time scales over both

2 km and 1.5 km are on the order of a couple of minutes, which is a reasonable integral time scale
::
for

:::::::::
separating

:::::::::::::
boundary-layer115

::::::::
turbulence

::::
and

:::::::
external

::::::::::
fluctuations. Our analyses was

::::
were made using both scales

:
2
:::
km

:::
and

::::
1.5

:::
km, but are presented only

for 2 km, in order to match the spatial horizontal resolution of the WRF model; details are given in Sect. 3.

Wind farms included in the WRF modeling are shown in
::
on

:
a larger map in Fig. 3a, and the details of these farms are

provided in Table 4. Figure 3b is a close-up of Fig. 3a
:::
over

:::
the

:::::::
marked

::::
area, with the two closest consecutive rows of WRF

model grids shown over the Godewind 1 farm (in black and red), covering the flight track-a (in cyan
:::::
green). An additional row120

of the WRF grid points (in blue
:::::
purple) is chosen east of the farm in the wake affected area. These three rows are denoted

as transect-black, transect-red and transect-blue
::::::::::::
transect-purple according to the colors in our analysis. They will be used for

analyzing the transect distribution of wind speed and TKE.

The second measurement type is
:::::
dataset

:::::::::
originates from the FINO 1

:::
met mast. In Fig. 3b, the location of the FINO 1 mast

is marked with F1. Note that with
::
for

::::
our

::::::
studied

:::::
case,

::::
with

:
a
:

wind direction from about 240◦ , FINO 1 is in the wake of125
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the upstream
::::
(Fig.

::
5),

:::
the

::::
flow

::::::
passes

:::
the wind farm Borkum Riffgrund .

:::::
before

:::::::
reaching

::::
F1,

:::::::
resulting

::
in

:::::::
reduced

:::::
wind

:::::
speed

::::::::
downwind

:::
of

:::
the

:::::
farm,

::::::::
including

::
at

:::::
FINO

::
1

::::
(see

:::
Fig.

::::
1a).

:
The 10-min values of wind speed from 30

:
m to 100

:
m, and wind

direction from 30 m to 90 m on 14 Oct are used
::::
from

:::::
FINO

::
1

::::::
utilized

::
in

::::
this

::::
study.

The third measurement type is the SAR data. The wind farm wakes can be seen as reduced wind speed in Fig. 1a, where

the wind field was retrieved from ENVISAT SAR at 17:17 UTC on 14 Oct 2017. The retrieval uses the empirical relationship130

between the 10-m wind speed and the radar backscatter that depends on the local wind-generated wind waves (Valenzuela,

1978; Hersbach et al., 2007). The spatial resolution of the SAR data shown in Fig. 1a is about 500 m. Fig. 1a is made from

more than one SAR scenes; even though the farm wake pattern is continuous across scenes, there seems to be an artificial

change in wind speed east of about 6.5◦E, which was also present in S2020. Due to these uncertainties, the SAR data will only

be analyzed qualitatively.135

2.2 Modeling

LLJs over the Southern North Sea are mostly associated with relatively warm continental air advected over cooler sea surface,

where a stable internal boundary layer develops, causing quasi-frictional decoupling and an acceleration of air mass. The

phenomena are rather common in coastal regions and they have been studied in a long list of literature, e.g. Smedman et al. (1993, 1995); Wagner et al. (2019); Kalverla et al. (2019)

. It is challenging to accurately simulate
::::::::
Important

::::::::
elements

:::
for

:::::::::
accurately

:::::::::
simulating LLJs using WRF , where important140

elements include model domain configuration, initialization and boundary forcing data, horizontal and vertical spatial resolu-

tions, PBL schemes etc.(Nunalee and Basu, 2014; Wagner et al., 2019; Kalverla et al., 2019; Siedersleben et al., 2020; Tay et al., 2020)

.Different studies have
:
,
::
as

:::::::
explored

::
in

:::
e.g.

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Nunalee and Basu (2014); Wagner et al. (2019); Kalverla et al. (2019); Siedersleben et al. (2020); Tay et al. (2020)

:
.
:::
The

::::::
studies

:
suggested different best candidate elements for setting up WRF

::::::
choices

:::
for

:::
the

:::::
WRF

:::::
setup

:
in order to capture

the LLJ characteristics. Our choices of these key elements are in agreement with the general recommendation
::
In

:::
our

::::::
setup,145

::
we

::::::::
followed

:::
the

::::::
general

:::::::::::::::
recommendations

:
in literature. This includes (1)

:::::
These

::::::
studies

::::::::::
recommend

::
a horizontal spatial reso-

lution of 2 km in the innermost model domain; (2) ,
::::
and a large number of vertical model levels, here

:::
e.g.

:
80 with 21 in the

lowest 200 m; (3) .
:::::
They

::::
also

::::::
suggest

::::
that

:::::
ERA

:
5
::::
data

:::::::
(ERA5)

::
is

::::
good

:::
as

:::
the initial and boundary forcingusing ERA 5 data;

(4) MYNN PBL scheme, which was shown to outperform the others in Tay et al. (2020), while in Nunalee and Basu (2014),

MYNN performed fine but the best candidate was QNSE . Since .
:::::
Some

:::::::
studies

::::
show

:::
the

:::::::
MYNN

::::::::
Planetary

::::::::
Boundary

::::::
Layer150

:::::
(PBL)

::::::
scheme

:::::::::::
outperforms

::::
other

:::::::
schemes

:::::::::::::::
(Tay et al., 2020)

:::
and

:::::
some

::::
other

::::::
studies

:::::::
suggest

:::
that

:::::::
MYNN

::::
PBL

:::::::
performs

::::
fine

:::
but

:::
not

::
as

::::
good

::
as

::::::
QNSE

::::::
scheme

:::::::::::::::::::::::::::::::::::
(Tay et al., 2020; Nunalee and Basu, 2014)

:
.
::::::::
However,

::::
since

:
the Fitch scheme can only be used in

connection with MYNN to calculate TKE developments, this schemewas used
::
we

::::
were

::::::
forced

::
to

:::
use

:::
the

:::::::
MYNN

::::
PBL

::::::
scheme.

We use WRF version 3.7
:
.1

:
to simulate this case. The model contains three nested domains (Fig. 4) and the spatial resolutions

are 18, 6 and 2 km for domain I, II and III, respectively. Following the suggestion by S2020 and in agreement with other sensitiv-155

ity studies (Tomaszewski and Lundquist, 2020; Lee and Lundquist, 2017a), we use 80 vertical layers with 21 layers below 200

m with a thickness of about 10 m. We use MYNN2.5 Planetary Boundary Layer (PBL ) schemeNakanishi and Niino (2009),

Thompson microphysicsscheme Thompson et al. (2004), RRTMG long wave and short wave radiationphysics schemes Iacono et al. (2008)

. The Kain-Fritsch cumulus scheme (Kain and Fritsch, 1993) is used for domain I but it is deactivated for domain II and III. The
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Corine land usedata from 2017 are used. ERA-5 data on pressure levels are used as the initial and boundary forcing for WRF.160

In addition, the OSTIA SST data, which is produced daily at a resolution of (1/20)◦, approximately 5 km (Stark et al., 2007)

was used.
::::
Table

::
2
::::
lists

:::
the

:::::::::::::
paramterization

::::::::
schemes

::::::::
regarding

::::
PBL

::::::::
scheme,

::::::::::::
microphysics,

::::::::
radiation,

::::
land

::::
use,

:::
sea

:::::::
surface

::::::::::
temperature

:::::
(SST)

:::
and

::::::
forcing

:::::
data.

:::
The

:::::::::::
development

::
of

:::::
LLJs

:::
has

:::::
shown

::
to
:::
be

:::::::
sensitive

::
to

:::
the

:::::::
domain

:::::::::::
configuration.

::
In
::::
our

::::::::::
experiments,

:::::
LLJs

:::::
failed

::
to

:::::::
develop

::::
when

:::
the

::::::::
southern

::::
land

:::
area

::::::::
included

::
in

:::
the

::::::
domain

::::
was

:::
too

:::::
small,

:::::
likely

::::::
caused

:::
by

::
an

:::::::::::
unsuccessful

::::::::::
development

:::
of

:::
the

:::::
stable165

::::::
internal

::::::::
boundary

:::::
layer

:::::::::
associated

::::
with

::::::
warm

:::
air

:::::::::
advection.

::::
This

:::::::
problem

::
is
::::::

solved
:::

by
::::::::
including

:::::
more

::::
area

:::
in

:::
the

::::::
model

:::::::
domain.

:

The WRF simulation starts at 6:00 on 14 Oct 2017 and runs to the end of day. The simulation captures the development of

LLJs and it is sufficiently long to be compared to the available measurements. The simulation has been run in three modes,

one with the Fitch scheme, one with the EWP scheme and one without wind farms (NWF). The
:::::
model outputs are 10-min170

instantaneous values from each time step, including the longitudinal wind component U , the meridional wind component V ,

potential temperature θ andQKE, from which we further calculated the wind speed, the wind direction and TKE (0.5 ·QKE).

In connection

:::
The

:::::::::
simulation

::::
has

::::
been

::::
run

::
in

:::::
three

::::::
modes,

::::
one

:
with the Fitch schemefor the wind-farm-induced TKE, there are two

options: ,
:
one with the advection of it turned off and one with it turned on . For most studies in the literature

::::
EWP

::::::
scheme

::::
and175

:::
one

:::::::
without

:::::
wind

:::::::
farms.

::::
Table

::
3
:::::
shows

:::
the

::::::::
complete

:::
list

::
of

:::
all

:::::::::
simulations

::::
and

::::
how

::::
each

:::::::::
simulation

::
is

:::::::::
referenced

::
in

:::
the

::::
text.

::
In

:::::
WRF,

::::::::
advection

::
of

::::
TKE

:::
can

:::
be

:::::
turned

:::::
either

::
on

::
or

::::
off.

::::::
Several

::::::
studies

::::::::::::::::::::::::::::::::::::::::::::::::::
(Tomaszewski and Lundquist, 2020; Siedersleben et al., 2020)

, including S2020, the advection of the wind-farm-induced TKE has been set to be off, due to
:::::::
explored

::
the

::::::
impact

::
of

::::::::::
deactivated

:::
and

:::::::
activated

:::::
TKE

::::::::
advection

::
in

:::::::::
connection

::::
with

:::
the

::::
Fitch

:::::::::::::::
parameterization.

::::::::
However, a bug in WRF that would give unrealistic

values,
:::::::
versions

:::
3.5

::
to

::::
4.2.1

::::
lead

::
to

:::
an

:::::::
incorrect

:::::::::
integration

:::
of

:::
the

::::
TKE

::::::::
generated

:::
by

::::
wind

:::::
farms

::::
into

:::
the

::::::
overall

::::
TKE

:::::
field as180

reported in Archer et al. (2020). Archer et al. (2020) fixed this bugand experimented with a coefficient CTKE ,
:
In

::::::::
addition

::
to

::::::::
providing

:
a
:::
fix

::
for

::::
this

::::
bug,

:::
they

::::
also

:::::::::
introduced

:
a
:::::::::
correction

:::::
factor

::
α,

:::
so

:::
that the wind-farm-induced TKE factor, in connection

with the advection scheme . The factor CTKE ::
in

::
the

:::::
Fitch

::::::
scheme

::
is
::::
now

:::::::::
calculated

::
as

:::::::::::::::::::
CTKE = α(CT −CP ).

:::::
Thus,

::
α is used

to adjust the magnitude of TKE as described in the Fitch scheme and it is recommended to be less
:::::::::::::
turbine-induced

::::
TKE.

::::::
Based

::
on

::::
their

:::::::::::
comparisons

::
of

:
a
:::::
single

:::::::
turbine

::::
with

:::::
Large

::::
Eddy

:::::::::::
Simulations,

:::::::::::::::::
Archer et al. (2020)

:::::::::::
recommended

::
α

::
to

::
be

:::
set

::
to

:
a
:::::
value185

::::::
smaller than 1to respond to their Large Eddy Simulation experiments. In this study, when ,

::::
with

::::
0.25

:::::
being

:::
the

::::::
default

::::::
value.

:::
We

::::::::
integrated

:::
the

::::::
bug-fix

::
in

:::::
WRF

:::::
v3.7.1

::
as

::::::::
described

::
in

:::
the

:::::::::::::::
zenodo-repository

::::::
related

::
to

:::
our

:::::
study

::
(?)

:
.
:::::
Using

:::
this

:::::::
version,

:::
we

::::::
conduct

:::::
three

::::::::::
experiments

:
using the Fitch scheme, the default uses farm-induced TKE-advection off , with CTKE = 1, which

is the same as in S2020. Further experiments using this TKE-advection on with CTKE = 0.25 and 1 are briefly compared to

the default and measurements (see Section 4). Since EWP does not have a similar term in the TKE-equation that is a function190

of turbines, this issue is absent. :
::::::::
advection

::::::
turned

:::
off

:::::::
(denoted

:::
as

::::::::
Fitch-off,

:::
see

:::::
Table

::
3),

::::
and

::::::::
advection

::::::
turned

::
on

::::
with

::::::
α= 1

::::::::::
(Fitch-on-1)

:::
and

::::::
turned

:::
on

::::
with

::::::::
α= 0.25

:::::::::::::
(Fitch-on-0.25).

:::
For

:::
the

:::::::::::
experiments

::::
with

::::
EWP

::::
and

:::
no

::::
wind

:::::
farm,

::::
TKE

:::::::::
advection

:
is
::::::

turned
:::
on

:::
by

::::::
default,

:::::::
denoted

:::
as

:::::
EWP

:::
and

::::::
NWF,

::::::::::
respectively.

:::::
Most

:::::::
analysis

::::
will

:::
be

:::::
based

::
on

::::
the

::::::::::::::
above-mentioned

::::
five

::::::::::
simulations.

::::::::
However,

::
in

:::
the

::::::::
discussion

:::::
(Sec.

::
4)

:::
we

:::
also

::::::::
comment

:::
on

::::::::::
calculations

::::
from

:::::
WRF

:::::
before

:::
the

::::::
bug-fix

:::::::::::::
(Fitch-on-old),
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::
in

::::
order

::
to

::::
have

::
a

:::::
rough

::::::::::::
understanding

::
of

::::::
relevant

::::::
results

::::
from

:::
the

::::::::
literature.

::::
For

::
the

::::
sake

::
of
::::::::::::
completeness,

:::
the

::::::::::
simulations

::::
with195

::
the

:::::
EWP

:::::::
scheme

:::
and

:::
no

::::
wind

:::::
farms

:::
are

::::
also

::::
done

:::::
with

::::::::
advection

:::::
turned

::::
off,

:::
and

::::
they

:::
are

:::::::
denoted

::
as

::::::::
EWP-off

:::
and

:::::::::
NWF-off,

::::::::::
respectively.

::::
The

:::::
results

::
of

::::::::
EWP-off

::::
and

:::::::
NWF-off

::::
will

::::
only

::
be

:::::::::
discussed

:::::
briefly

:::
for

:::::::::::
comparison.

The development of LLJs is sensitive to the domain configuration. In our experiments, LLJs failed to develop when the

southern land area was too small, likely caused by an unsuccessful development of the stable internal boundary layer associated

with warm air advection . This problem is solved by increasing the land area in the southern part.200

The turbine information includes
::
To

:::::::
include

:::
the

::::::
effects

::
of

:::::
wind

:::::
farms

::
in

:::
the

::::::::::
simulations,

::::::::::
information

:::
on

::::::
turbine

:
location,

hub height, rotor diameter, power coefficient and thrust coefficient
:::
are

:::::::
required. In our simulation, the locations of the turbines

from the wind farms shown in Fig. 3 are obtained from three different sources: (1) Bundesnetzagentur (2019) for most German

wind farms (2) Energistyrelsen (2020) for Danish wind farms and (3) for other wind farms not included in these two data sets

turbine locations have been derived from SAR images in (Langor, 2019) and manually corrected to fit the wind farm shapes205

:::
and

::::::
turbine

::::::::
numbers

:
from emodnet (Emodnet, 2020). For the simulations in this study only wind farms built before 2018

are included in accordance with the simulated date
:::::::::::
measurement

::::
time

:
(Table 4). In S2020, three types of turbine are used,

with Siemens SWT 6.0-154 for Godewind 1 and 2, Siemens SWT 3.6-120 for Meerwind Süd Ost and Senvion 6.2 for OWP

Nordsee Ost (see Table 3 in S2020). They used the thrust and power coefficients of Siemens SWT 3.6-120 onshore for all

turbines implemented in the simulation. In our study, we used the
:
a
::::::::
different turbine type for each wind farm from sources210

above (
::::::::
according

::
to

:::
the

::::::
sources

:::::::::
introduced

::::::
above

::
as

::
far

:::
as

:::
they

:::
are

::::::::
available

::
to

:::
us.

:::
For

:::::
some

::::
wind

::::::
farms,

:::
e.g.

::::::
Alpha

::::::
Ventus

::
or

:::::
BARD

:::::::::
Offshore,

:::
we

:::::
could

:::
not

:::::
obtain

:::
the

::::::
thrust

:::
and

::::::
power

:::::::::
coefficients

:::
for

:::
the

::::::
actual

::::::
turbine.

:::::::::
Therefore

:
a
::::::
similar

::::::
model

::::
was

::::
used

::::::
instead.

:::
In Table 4 )

::
the

:::::
wind

:::::
farms

:::
are

:::::
listed

::::
with

:::
the

:::::::
turbine

:::::
model

:::::
used

::
in

:::
the

::::::::::
simulations. Power and thrust curves

for each turbine have been taken from Langor (2019) or from WAsP (http://www.wasp.dk/). We used an initial length scale of

1.6 for the EWP scheme related to the subgrid scale vertical wake expansion.
::
We

::::
also

:::::::::
conducted

:::::::::
simulations

:::::
using

:::
the

::::::
length215

::::
scale

:::
1.5

:::
and

:::
1.7

::::
and

:::::
found

:::
that

:::
the

:::::::::
difference

:
is
:::::::::
negligible.

::
In
:::
the

:::::::::
literature,

::
the

::::::
length

::::
scale

::::::
values

:::
1.5

:::
and

:::
1.7

::::
have

:::::
been

::::
used

::::::::::::::::::::::::::::::::::::::
(Badger et al., 2020; Volker et al., 2017, 2015)

:::
and

::::::::::::::::
Volker et al. (2015)

:::::
shows

::::
that

:::
the

::::::::
difference

:::
of

:::::
using

:::
the

:::::
values

::::::::
between

:::
1.5

:::
and

:::
1.9

::
is

:::::::::
negligible.

3 Results and Analysis

3.1 Low Level Jets220

With warmer air moving from the land over the sea in the direction of about 240◦, a stable boundary layer (SBL) developed

over the sea, as can be seen from the profile-flight data, shown in Fig.
:
5a and c. The modeled potential temperature θ profiles

consistently suggest the presence of the SBL, though the increasing of θ with height within the lowest 300
:
m is slightly smaller

than the measurements. The direction veering is well captured in the lowest 300 m. Above 300 m, the measurements suggest

a persistent wind direction of about 250◦, while the modeled wind vector continues turning an additional 10− 20◦. LLJs are225

observed during these profiling flights, as shown in Fig.
:::
the

::::::::::
distribution

::
of

:::::
wind

:::::
speed

::::
with

::::::
height

::
in

::::
Fig. 5g; note that the

time and location of these flights are different (Table 1 and Fig. 2). Fig. 5g clearly suggests that the wind structure of the LLJs
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is highly variant over time and space. This is also true with the modeled LLJs corresponding to these profiling flights
:::
for

:::
the

:::::::::::
corresponding

::::::::
modeled

::::
LLJs, see Fig. 5g. Several of the measured wind speed profiles have more than one jet nose, with the

lowest ones beneath 200 m and the highest ones at 350 − 400m, suggesting the presence of multiple internal boundary layers230

in
:::
m.

::::
This

:::::::
suggests

:
a
::::::::
variation

::
of

:::
the

::::::
internal

::::::::
boundary

:::::
layer

::
in

::::
time

:::
and

::::::
space,

::
in associated with the flow from the land. The

model captures the jets at the level 300
:::
200 − 400 m. At the same time, both measured and modeled TKE decrease generally

with height, with the modeled values being larger, see Fig. 5e and f. While the mean TKE values from the measurements are

relatively small, their fluctuations are two times larger. These are not shown here in order to avoid too much noise in the plot.

As none of these profile-flight data are affected by wind farm wakes, the modeled data are the same for NWF, the Fitch and the235

EWP schemes. Therefore, in Fig. 5, only results from the EWP scheme
:::::
EWP are shown.

With the wind from the southwest direction, at the FINO
:
1 site, the LLJ structure is affected by the wake effect from upstream

:::::::::
originating

::::
from

:::
the

:
Borkum Riffgrund wind farm. Figure 6 shows the wind speed profiles at FINO 1 during three 1-h periods,

with two during the flight periods (Fig. 6a and b) and one later in the afternoon (Fig. 6c). Six
::
In

::::
each

:::::
figure

:::
we

:::::
show

::
in

:::::::
addition

::
to

:::
the

::::::::::::
measurements

::::::
(OBS),

:::
five

::::::::::
simulations

:::::
from

:::::
NWF,

:::::
EWP,

::::::::::
Fitch-on-1,

:::::::::::
Fitch-on-0.25

::::
and

::::::::
Fitch-off.

::::
Each

::::::
profile

::
is

:
a
:

10-240

min modeled data during one hour from three simulation modes are plotted together with the 10-min measured
:::::
value,

:::
for

::::
both

:::::::::::
measurements

::::
and

:::::
model

:
data. The measurements only reach up to 100 m, which is way beneath the jet noses. The following

characteristics can be observed from Fig.6: (1) The Fitch scheme
:::::
From

:::
Fig.

:::
6,

:
it
::::

can
::
be

::::::::
observed

::::
that

:::
the

:::::
Fitch

::::::
scheme

:::
in

::::::
general results in smaller wind reduction below upwind hub height

:::
hub

::::::
height

::::
than

:::
the

:::::
EWP

:::::::
scheme, but larger wind speed

reduction between hub heightup to the rotor top height than the EWP scheme
:::::
above

:::
hub

::::::
height. Thus the average values from245

the surface to the rotor top height are comparable between the two schemes . (2) The
::
in

:::
this

::::::::
situation.

::::
For

::::
these

:::::
wind

:::::::
profiles,

::::::::
Fitch-on-1

::::
and

::::::::
Fitch-off

:::
are

:::::
rather

::::::
similar,

::::::::
whereas

:::::::::::
Fitch-on-0.25

::::::
shows

:
a
:::::::
distinct

::::
kink

::
at

::::
rotor

:::
top

:::::::
height,

::::::::::::
corresponding

::
to

::::::::::
considerably

:::::
larger

:::::
wind

::::::::
reduction

::::::
during

:::::
14:00

::
to

::::::
16:00.

:::
The

::::
kink

::
is

::::::
present

::
in
:::

all
:::::
three

::::
Fitch

::::::::::
simulations,

:::
but

::
it
::
is

::::::
absent

::
in

:::::
EWP.

:::::
From

::::
Fig.

::
6,

::
it

::
is

:::
also

:::::
clear

:::
that

:::
the

:
wind speed reduction is not limited to the rotor area, but up to the jet nose; (3) The

position of the LLJ nose is higher in the presence of the farm wake effect according to the WRF modeling; (4) There is a kink250

in the wind profile from the Fitch scheme, which is absent in the results from the EWP scheme . The measured profiles are

closer to the EWP scheme .
:::::::
Overall,

:::
the

:::::
EWP

::::::
scheme

::::::::
provides

:::::
larger

:::::
shear

:::
and

:::::
better

::::::
values

::
at

:::::::::::
measurement

::::::
heights

:
for Fig.

6a and b when the jet nose is high, but they are in better agreement with the Fitch scheme
:::::::
describes

:::::
better

:::
the

:::::::
profiles

::
at

:::
the

:::::::::::
measurement

::::::
heights

:
for Fig. 6c when the jet nose is low.

:
It
::
is

::::
also

:::::
worth

:::::
noting

::::
that

:::
the

:::::::
position

::
of

:::
the

::::
LLJ

::::
nose

::
is

::::::
higher

::
in

::
the

::::::::
presence

::
of

:::
the

::::
farm

:::::
wake

:::::
effect

::::::::
according

::
to
:::
the

:::::
WRF

:::::::::
modeling.255

These characteristics are also examined for another location, here point A as shown in Fig. 3. Point A is inside the Godewind

1 wind farm area and it is on top
:::
part

:
of the flight leg, transect-a. The transect-flight data at the closest time (number four

in Table1,
:::
Data

:::
at 15:01 – 15:11)

::
00

::
is

:::::
used,

:::::
which

::
is
:::
in

:::::::
between

:::
the

::::
data

::::
used

:::
for

::::
Fig.

::::
6a,b

:::
and

:::::
close

::
to

:::::
flight

:::::::
number

::::
four

:::::
(Table

:::
1).

:::::
Here,

::::
both

:::
the

:::::
wind

:::::
speed

::::::
profiles

::::
and

:::
the

::::
TKE

:::::::
profiles

:::
are

::::::::
compared

::::::::
between

:::
the

:::
five

::::::::::
simulations

::
in

::::
Fig.

::
7a

::::
and

:::
Fig.

:::
7b, averaged over a distance of 2 km, are plotted on top of the profiles at z =250 m as star for wind speed (Fig.7a) and260

TKE (Fig.7b), where the corresponding wind speed and TKE from the three simulation modes are shown, respectively. The

above descriptions of the wind speed for FINO1
:::::
FINO

:
1
:
are also true for point A, as can be seen in Fig.

:
7a. Here the EWP
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scheme provides a better estimate of mean wind speed. In the absence of wind farms (NWF), TKE decreases with height, as in

Fig.
:
5. In the presence of farm wakes, with both schemes, TKE increases

:::
both

:::
for

:::::
EWP

:::
and

:::::
Fitch,

:::::
TKE

:::::
values

::::::::
increase with

height up to the rotor top height and then decreases again to a value matching the free stream value. TKE from the Fitch scheme265

increases significantly with height, and for the value
::::
With

:::
the

::::
TKE

::::::::
advection

::::::
turned

:::
on,

::::
TKE

:
at point A , it is overestimated in

comparison with the flight data. Over
:
is

::::::
smaller

::::
than

:::::::
without

:::::::::
advection.

::::
TKE

::
in
:::::::::
Fitch-on-1

::
is
::::
only

:::::::
slightly

::::::
smaller

::::
than

:::::
TKE

::
in

::::::::
Fitch-off,

:::::::
whereas

::::
TKE

::
in

:::::::::::
Fitch-on-0.25

::
is
:::::::::::
considerably

::::::
smaller

::::
due

::
to

:::
the

::::::
smaller

::::
TKE

::::::
source.

:::::
This

:::::
figure

:::
also

::::::
shows

::::
that,

:::
over

:
the rotor area, the variation of TKE with height from the EWP scheme is smoother and the magnitude of TKE significantly

smaller in comparison with the Fitch scheme (Fig. 7b). There is considerable fluctuation of the measured TKE with time and270

space; the variation of the measured and modeled TKE along the flight track will be further analyzed in section 3.2.

3.2 Wind farm wake effects

The vertical profile of wind speed at the FINO
:
1 site

::::
(Fig.

::
6)

:
clearly shows the wake effect from the upstream Borkum Riffgrund

wind farm. Figure 8 compares the measured and modeled time series of wind speed and wind direction at FINO
:
1. Here the

modeled values at FINO
:
1 are weighted between two closest grid points (one inside and one outside the farm) according to275

the distances between the grid points and the mast location. This is done because the closest grid point to FINO
:
1 is inside the

farm, while in reality, FINO
:
1 is on the edge, and outside of the farm. The three model modes (NWF, Fitch, EWP) provide the

same wind direction calculations at 90
:
m which follow the measurements well until late in the afternoon when the modeled

winds are more westerly than in reality (Fig. 8b). The wake impact on the wind speed at 100 m is clear, as shown in Fig. 8a.

Between 12:00-24
::
00

:::
and

::
24:00 on 14 Oct, the difference between the measured and NWF-modeled

:::::::
modeled mean wind speed,280

〈∆U〉=−1.41 m s−1
:::::
〈∆U〉, the standard deviation of the difference STD = 0.56 m s−1,

::::
STD

:
and the absolute difference

〈|∆U |〉= 1.41 m s−1, respectively. Comparison between the measurements and the Fitch scheme gives 〈∆U〉= 0.30 m s−1,

STD = 0.46 m s−1 and 〈|∆U |〉= 0.44 m s−1. Comparison between the measurements and EWP scheme gives 〈∆U〉=−0.2

m s−1, STD = 0.52 m s−1 and 〈|∆U |〉= 0.45 m s−1. This
::::::
〈|∆U |〉

:::
are

::::::
shown

::
in

::::
Table

::
5

::
for

:::
the

::::
five

::::::::::
simulations.

::
By

::::::::::
subtracting

:::::
〈∆U〉

::
of

:::::
EWP

::::
from

::::
that

::
of

:::::
NWF,

::
it suggests that, during this period, the wake effect is on average about 1.71

::
1.2

:
m s−1 when285

calculated using the Fitch schemeand 1.21
::::
EWP

:::::::
scheme.

:::::::::
Similarly,

:
it
::

is
:::
1.7

:
m s−1 when calculated using the EWP scheme.

Without taking wind farm wake
:::::::::
Fitch-on-1.

:::::::::::
Fitch-on-0.25

:::::
gives

:::::
rather

:::::::::::
significantly

:::::
larger

::::
wind

:::::::::
reduction,

:::::
which

::
is
:::::
about

::
2

::
m

:::
s−1.

:::::::
Without

::::::
taking

:::
the

::::
wind

:::::
farm

:::::
wakes

:
into account, WRF overestimates the wind speed at 100 m by 1.41 m s−1. The Fitch

scheme
::::::
Overall,

:::
the

:::::
Fitch

::::::
scheme

:::::::
slightly

:
overestimates and the EWP scheme

::::::
slightly

:
underestimates 〈∆U〉, with the EWP

providing a slightly smaller bias.290

The wind farm wakes are visible from the SAR image at 17:17 UTC from Fig. 1a. The corresponding 10-m wind speed

from WRF using the Fitch and the EWP schemes
::::::::::::
Fitch-on-0.25,

:::::::::
Fitch-on-1

:::
and

:::::
EWP

:
are shown in Fig. 1band c ,

::
c
::::
and

:
d,

respectively. Even though WRF misses detailed patterns as in the SAR image (e.g. streaks and waves), the farm wake patterns

are consistent. Comparing the wind speeds in the wake shadows and the surrounding free stream, both SAR data and WRF

output suggest a wind reduction of about 1.5−2 m s−1, with the wind speeds in the farm wakes in the range of 7−8 m s−1, and295

the free stream wind speeds in the range of 9−10 m s−1. To make the wind farm wake effect more visible, the difference of the
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wind speed in Fig. 1b and c to the NWFis shown as 10-m wind speed deficit
::
at

::
10

::
m

:::::::
between

:::::
EWP

:::
and

:::::
NWF,

:::::::
between

::::::::
Fitch-off

:::
and

::::::::
NWF-off,

:::::::
between

:::::::::
Fitch-on-1

::::
and

:::::
NWF

:::
and

:::::::
between

:::::::
between

::::::::::::
Fitch-on-0.25

:::
and

:::::
NWF

:::
are

::::::
shown in Fig. 9a (Fitch-NWF)

and b (EWP-NWF), respectively. Here one can see that the wake-caused wind speed reduction at 10 m is about 2.5 ms−1 inside

the farm,
:
and a reduction of 0.5 ms−1 can extend between ten and a hundred of kilometers downwind, superimposing with300

wakes from other wind farms. At 17:17, the SAR 10-m wind speed at the FINO
:
1 site is about 8 m s−1 , and the WRF outputs,

both from the Fitch and the EWP schemes, are also about 8 m s−1. Note that in a short distance downwind of the wind farms,

the surface wind at 10 m from the Fitch scheme suggests a slight speedup, see the brighter color in the farm wake shadows in

Fig. 1b and the white color in Fig. 9a. This
::
b,

:
c
::::
and

::
d.

::::
This

:::::::
speedup is a phenomenon that deserves further investigation (Djath

et al., 2018), but it is beyond the scope of this study.
::::::::
Moreover,

::
all

::::
four

:::::
wind

::::
farm

::::::::::
simulations

::
in

::::
Fig.

:
9
:::::::
suggest

:
a
::::::::
presence

::
of305

::::::
reduced

:::::
wind

:::::
speed

::
in

::::
front

:::
of

:::
the

:::::
farms.

::::
This

::
is

::::
also

::::
often

::::::
called

:
a
::::::
global

:::::::
blockage

::::::
effect.

::::
Such

:::
an

:::::
effect

::
is

::::
most

:::::::
obvious

:::
for

::::
wind

::::::
farms

::::
with

::::
free

::::::::
upstream

::::
flow

:::
and

::
it

:
is
:::::
more

:::::::
obvious

::
in

:::
the

::::
Fitch

:::::::::::
simulations.

The transect-flight data over transect-a are plotted in Fig. ??a and b
::
10,

:
for wind speed and TKE

::
at

:::
250

::
m
:::::

(a,c)
:::
and

:::::
TKE

::::
(b,d)

::
at

:::
250

:::
m,

:::::::::::
respectively.

::
To

::::::::
improve

:::
the

:::::::
visibility

:::
of

::::::::
individual

::::::
model

::::::::
scenarios,

::::
Fig.

::::
10a

:::
and

::
b

:::::::
compare

:::::::::::::
measurements,

:::::
NWF,

:::::
EWP

:::
and

:::::::::
Fitch-off,

:::
and

::::
Fig.

::::
10c

:::
and

::
d
::::::::
compare

::::::::::::
measurements,

::::::::::
Fitch-on-1, respectively

:::::::::::
Fitch-on-025

:::
and

::::::::
Fitch-off.310

There are altogether six flights over transect-a between approximately 14:20 and 16:10 (Table 1), each lasted approximately

10 minutes. The flight data are at 250 m above sea level, averaged here
:::
We

::::::::
averaged

:::
the

:::::
flight

::::
data

:
over a spatial distance

of both 2 km (same as the WRF spatial resolution) and 1.5 km (same as in S2020). The results of using the two averaging

distances are similar; the one using 1.5 km provides slightly more fluctuation. Here
:
In

::::
Fig.

::
10

:
we only show the results using

2 km. The corresponding model data at 250 m over transect-red in Fig. 3 from 14:00 to 16:00, covering the flight periods,315

are plotted(Fitch, EWP and NWF). The modeled data are 10-min instantaneous values, plotted every half an hour. Compared

:::::
Based

::
on

::::
Fig.

:::
10a

::::
and

:
c,
:::::::::
compared to the ambient flow, there is a deficit in wind speed at 250 m above the wind farm Godewind

1, due to the wind farm effects. Such a wind deficit is almost 3 m s−1 in the flight data, and it is also about 3
::::
only

:::::
about

::
2 m

s−1 in the modeled data using the Fitch scheme, but only about 2
:::::
EWP,

:::::
about

:
3
:

m s−1 in the modeled data using the EWP

scheme
:::::::::
Fitch-on-1,

::::::
slightly

:::::::
smaller

::::::::
reduction

:::
for

:::::::
Fitch-off

::::
and

::::
even

::::::
smaller

::::::::
reduction

:::
for

::::::::::::
Fitch-adv-0.25.320

As a result of the wind farm parameterizations, above the wind farm high TKE values are observed when compared with

ambient values, which are almost zero (Fig. ??b
:::
10b

:::
and

::
d). When no wind farms are included in the modeling, there is no

systematic difference in TKE across transect-a, see the black curves . Parametrizations
::
in

:::
Fig.

::::
10b.

:::::::::::::::
Parameterizations

:
of the

wind farms result in increased TKE over the farm. At 250 m, the Fitch
::::::::
Fitch-on-1

:
scheme provides TKE inside the range

of the measured values, though with large underestimation at the southern edge of the farm and with comparable magnitude325

at the northern edge of the farm. The profiles at point A (Fig. 7b), which is approximately in the center of transect-a and

transect-red (Fig. 3), show that the TKE values are highest close to hub height and decrease above it. At point A, the TKE

value simulated by the Fitch scheme is about
::::::::
Fitch-on-1

::::
and

::::::::
Fitch-off

:::::::
schemes

:::
are

::::::
about

:::
2.1

::
−

:
2.3 m2 s−2 at rotor top

height, which is about 40% higher than that
:::
the

::::::
values at 250 m. For transect-a, the TKE values from the EWP scheme are

considerably smaller, being only about 1/
:
3

::
−

::
1/4 of the values from the Fitch scheme, and are thus significantly underestimated330

compared to the flight measurements.
:::
The

::::::
overall

::::
TKE

::::::::::
magnitudes

::::::
across

:::
the

::::::
transect

:::::
from

:::::::::
Fitch-on-1

:::
and

::::::::
Fitch-off

:::
are

::::
also

10



::::::::::
comparable.

::::
Due

::
to

:::
the

::::::::
activated

::::
TKE

:::::::::
advection,

:::::::::
Fitch-on-1

:::::::
provides

::
a
:::::
more

::::::::::::::
even-distribution

:::::
across

:::
the

:::::::
transect

:::::::::
compared

::
to

::::::::
Fitch-off.

:::::::::::
Fitch-on-025,

:::::
which

::::
also

::::::
shows

::
the

:::::
even

:::::::::
distribution

::
of
:::::
TKE

:::::
across

:::
the

:::::::
transect,

::::
has

::::::::::
significantly

:::::
lower

::::::
values

::
of

::::
TKE

::::::::
compared

::
to

::::::::::
Fitch-on-1,

:::::::
Fitch-off

::::
and

::::::::::::
measurements.

:

One can notice the speedup in the flow in the flight measurements on the southern edge of the farm in Fig. ??a
:::
10a

::::
and335

:
c, as also pointed out in S2020; see the bump of wind speed at 250 m at latitude before 54◦N. WRF does not capture this

phenomenon with either scheme. The abrupt increase in TKE in the same area (Fig. ??
::
10b) is likely related to this flow

acceleration and is also missing in the WRF results.

The vertical distributions of the wind speed and TKE along transect-a are shown in contour lines in Fig. 11 (latitude versus

height)
::
as

::::::
latitude

:::::
(from

:::::
south

::
to
::::::
north)

:::::
versus

::::::
height,

:
for 15:30 for both Fitch and EWP

::::
EWP

:::
and

:::::
three

::::
Fitch

::::::::::
simulations, as340

an example. The LLJs are visible here in Fig. 11
:::
(left

:::::::
column)

:
with the wind speed maximum height between ∼300

:::
200

:
and

500 m. The largest difference in the wind speed between the Fitch and EWP schemes is over the farm beneath the rotor top,

with Fitch simulating on average larger wind speed reductions from the wind farm wake effect (Fig. 11a and b
::::
c,e,g).

:::
The

::::
right

:::::::
column

::
in Fig. 11 c and d show

::::
shows

:
that, the largest TKE values are located at a height between hub height and

rotor topwith the Fitch scheme, and they are located closer to the rotor top with the EWP scheme. The Fitch scheme simulates345

:
.
:::
The

:::::
three

::::
Fitch

::::::::::
simulations

:::::::::
correspond

:::
to several times larger TKE values than the EWP scheme, with the largest difference

over the wind farm area. An increase in TKE is notable up to double the height of the rotor top.
:::
The

:::::::::
maximum

::::
TKE

::::::
values

:::
are

:::::
largest

::::
with

::::::::
Fitch-off,

::::
and

::::
they

:::
are

::::::
slightly

:::::::
smaller

::::
with

:::::::::
Fitch-on-1

:::
and

::::::::::
significantly

:::::::
smaller

::::
with

::::::::::::
Fitch-on-0.25.

Outside the farm area and even in the wake region, the two
:::::
EWP

:::
and

::::::::
Fitch-off

:
schemes provide similar wind speed and

TKE values. This can for example be seen in
:
,
:::
see

::
for

::::::::
example Fig. 12, which is for the transect-blue as in

::::::::::::
transect-purple

::
(Fig.350

3b(,
::::
with

:
longitude approximately 7.2◦E).

:::
This

:::::::::::
resemblance

::
is

:::
not

:::::
given

:::::
when

:::::::::::::
turbine-induced

:::::
TKE

::
is

::::::::
advected

:::::::::
downwind

::
of

:::
the

::::
farm

::::
such

::
as

::
in
:::::::::
Fitch-on-1

::::
and

::::::::::::
Fitch-on-0.25.

:::::::::
Compared

::
to

::::::::
Fitch-off,

::
in

:::
the

:::
far

::::
wake

::::::
region,

:::::
TKE

::::
from

:::::::::
Fitch-on-1

::::
and

:::::::::::
Fitch-on-0.25

:::
are

:::::
larger

:::::
above

::::
200

::
m,

::::::
which

::
is

:::::
above

:::
the

::::::::
Godewind

::
1
::::::
turbine

::::
hub

::::::
height,

:::
see

:::
the

::::
right

::::::
column

:::
of

:::
Fig.

:::
12.

:

These characteristics can also be seen in a bird view of the spatial distribution of TKE
::
the

:::::
wind

:::::
speed

::::
(Fig.

::::
13)

:::
and

:::::
TKE

::::
(Fig.

:::
14)

:
at 250 m over the wind farm cluster with the Godewind 1 farm in the domain center, shown .

::::
The

:::::::
patterns

:::
of355

:::::
spatial

::::::::::
distribution

::
of

:::::
wind

:::::
speed

:::
are

::::::::
consistent

::::
with

:::
the

::::
four

::::
plots

:
in Fig. 14a and b, for the Fitch and

:::
13,

::::::
though

::::
EWP

::::::
shows

:::::
overall

:::::::
smaller

::::
wind

:::::
speed

::::::::
reduction

:::::::::
downwind

::
of

:::
the

::::
farm

::::
and

::::::::
Fitch-on-1

:::::::::::
corresponds

::
to

::::::
overall

:::::
larger

::::::::
reduction,

:::::
when

:::::
being

::::::::
compared

::
to

:::
the

::::
rest.

:::
For

:::
the

:::::
TKE,

:::::
when

::::::::::::
TKE-advection

::
is
::::::
turned

:::
off,

:::::::::::
farm-induced

:::::
TKE

::
is

::::::
mostly

:::::
above

:::
the

::::
wind

::::
farm

:::::
(Fig.

::::
14b,

::::::::
Fitch-off).

:::::
When

:::
the

:::::::::
advection

:
is
::::::
turned

:::
on,

:::
the

::::::::
high-TKE

::::::
values

:::
are

:::::::::
transported

:::::::::
downwind

::
of

:::
the

:::::
farm

::
in

::
the

:::::
mean

:::::
wind

::::::::
direction,

::
in

:::
Fig.

::::
14c

::::::::::
(Fitch-on-1)

:::
and

::
d

:::::::::::::
(Fitch-on-0.25),

::::::::::
respectively.

:::::
TKE

::
in the EWP scheme, respectively, for the same time360

as in Figs. 11 and 12.
:
as

::
a

:::::::
function

::
of

:::
the

::::
wind

::::::
shear,

::::::
follows

:::
the

:::::
mean

::::
flow.

::::::
When

::
the

:::::::::::::
TKE-advection

::
is
::::::
turned

:::
off,

::::::::
EWP-off

:::::::
provides

::::::
similar

::::::
spatial

::::::::::
distribution

::
to

::::
Fig.

::::
14a,

::::
only

::::
with

:::
the

:::::::::
maximum

::::
TKE

:::::::
slightly

::::::::
less-away

:::::
from

:::
the

:::::::::
Godewind

:
1
:::::
farm

:::
(not

:::::::
shown).

:
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4 Discussion
::::::::::
Discussions

::::
and

::::::::::
conclusions

For the first time, the calculations of both wind speed and TKE from two explicit wind farm parametrization schemes (Fitch365

and EWP) in WRF are compared and verified through a case study, thanks to the open access high frequency flight data

over and around the wind farm Godewind 1 (Bärfuss et al., 2019a) and FINO 1 measurements. This study thus complements

S2020 where only the Fitch scheme was used to model the wind farm wake.
::::::::::
Additionally,

:::
we

::::
used

::
a

::::
WRF

:::::::
version,

::::::
where

:::
the

::::::::::::
tubine-induced

::::
TKE

::
is
::::::::
correctly

::::::::
integrated

::
in

::::
and

:::::::
advected

::::
with

:::
the

::::::
overall

:::::
TKE

::::
field,

::::::::
following

:::::::::::::::::
Archer et al. (2020).

:

The farm wake effect is observed in
:::::::
discussed

::::
here

:::::
with a variety of measurements: in the FINO

:
1 mast measurements370

shown as vertical wind-profile and time series, in the SAR 10-m wind speed shown as spatial distribution and in the flight

data shown as cross-wind farm transect distribution of wind speed and TKE at 250 m. The WRF modeling with the two farm

parametrization schemes
::::
EWP

:::
and

:::::
Fitch

:
captures these observed farm wake effect consistently in terms of wind speed, but

with some noticeable differences. In the vertical wind-profiles at FINO1
:::::
FINO

:
1, when compared to the EWP scheme, the wind

speed deficit due to the wind farm wakes using the Fitch scheme is more centered and more pronounced around the hub height375

and rotor area, shown
:::::
visible as a kink

:
in
:::
the

::::::
profile. In the EWP scheme, due to the subgrid-scale vertical wake expansion, the

wind deficit is more spread and smooth over the rotor area. The larger wind speed deficit in association with the Fitch scheme

beneath the rotor top height is also visible over the wind farm and in the wake areas. The flight data suggests a flow acceleration

on the southern side of the wind farm Godewind 1 accompanying the flow from the southwest. This acceleration is however

not captured in WRF. It is expected that a high fidelity model is needed to resolve
::::::::
investigate

::::::
further

:
this feature.380

Even though the modeled wind speeds are comparable using the two schemes, the results on TKE are significantly different.

The Fitch scheme, having TKE contributions from both the shear and an explicit term related to the turbine power and thrust

coefficients, provides TKE values several times larger than those from the EWP schemeover the wind farm. In addition, WRF

misses the flow acceleration south to the farm and it underestimates TKE in the adjacent wind farm area. At the northern part of

the farm, the modeled TKE values using the Fitch scheme are of comparable magnitudes with respect to to the measurements.385

TKE values from the EWP scheme are significantly underestimated. This suggests that turbine-induced TKE does not only

develop from the shear, as assumed in the EWP scheme, but instead an explicit source is required. The difference in the

TKE magnitude from the two schemes become quickly negligible away from the farm area, likely due to the fact that the

TKE-advection is not activated in the simulation using the Fitch scheme (Section 2.2).

This is not the case when the wind-farm-induced390

::::
Most

::::::
recent

::::::
studies

::
in

:::
the

:::::::
literature

::::::::::::
recommended

::::::::::
deactivating

:
TKE-advection scheme is turned on, as shown in the spatial

distribution of TKE over farm-cluster around the Godewind 1 with a farm-induced TKE factor CTKE =
::::
when

:::::
using

::::
the

::::
Fitch

:::::::
scheme,

:::::
based

:::
on

::::::::::
simulations

::::
with

:::::
WRF

:::::::::
containing

:
a
:::::
code

:::
bug

::::
that

:::::::::
incorrectly

::::::
treated

:::
the

:::::::::::::
turbine-induced

:::::
TKE

::
in

:::
the

::::::::
advection

::::::
scheme

:::
and

::::::::
incorrect

::::::
neglect

::
of

::::::::::::::::
electro-mechanical

:::::
losses

::
as

::::::
pointed

:::
out

::
in
:::::::::::::::::
(Archer et al., 2020)

:
.
::::::::::::::::
Archer et al. (2020)

:
’s
:::::::
analysis

::::::::
suggests

:::
that

:::
the

::::
two

:::::
issues

:::::::
interact

::::
with

::::
each

::::::
other,

::::::
causing

::::::::::::
compensating

::::::
errors.

::::
This

::::::::
generated

:::::
TKE

::::::
values

::
in395

::::::
realistic

::::::
range,

:::::
which

:::::
might

:::
be

::
the

::::::
reason

::::
that

::::
these

:::::
issues

:::::::
haven’t

::::
been

::::::::
identified

::::::
before.

::::::
S2020

:::::
found

::::
that,

::::
with

:::
the

::::
bug,

::::
their

::::::::
simulation

::
is
::
in

:::::
better

:::::::::
agreement

::::
with

::::::::::::
measurements

::::
with

:::::::::
advection

:::::
turned

:::
off.

:
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:::
All

:::::
results

::::::::
presented

::::
here

:::
are

::::
from

:::
the

::::::::
bug-fixed

:::::::
version

::
of

:::::
WRF,

::::::::
following

::::::::::::::::
Archer et al. (2020)

:
.
::::::::::
Accordingly,

:::
we

:::::
tested

::::
two

::::::::
correction

::::::
factors,

::::
α=0.25 and

:
1.

::::::::::::::::
Archer et al. (2020)

::
’s

::::
study

::::::::::::
recommended

:::::
using

::
α

:::
less

::::
than 1in Fig. 14c and d, respectively.

Unlike in Fig. 14a, where farm-induced TKE is mostly
:
,
:::
e.g.

::::
0.25,

:::::::::
according

::
to

::::
their

:::::::::
verification

::::
with

::::::
Large

::::
Eddy

:::::::::::
Simulations.400

::::
This

::
is

::
is

:::::::
however

:::
not

:::::::::
supported

::
by

::::
the

::::::
current

:::::
study.

::::::
Using

::::::::
α= 0.25

::::
does

:::
not

::::::
always

::::::::
improve

:::
the

::::::
results,

:::
as

:::
can

:::
be

::::
seen

::
in

:::
the

::::::::::
comparison

::::
with

::::::::::::
measurements

::::
from

:::::
FINO

:::
1,

::
or

::::
with

:::
the

:::::
flight

::::
data

::::
over

:::
the

:::::::::
Godewind

:
1
:::::

farm.
:::::
With

:::::::::::::
TKE-advection

:::::
turned

:::
on

::
in

:::::
Fitch,

::::
TKE

::
is
:::
no

:::::
longer

:::::::::::
concentrated

:
above the wind farm , it is advected in the mean wind direction in Fig. 14c

and d. TKE in the EWP scheme, as a function of the wind shear,
:::
but

:::::::
advected

:::::
with

:::
the

:::::
mean

::::
flow,

::::::
similar

::
to

:::::
EWP

::
in

::::::
which

::
the

::::::::::::
shear-induced

:::::::::
turbulence

::::::::
naturally follows the mean flow . The spatial gradient patterns of TKE are more similar between405

the two schemes, comparing 14b with c and d. In addition, model results with CTKE =0.25 and 1 are also used to compare

with the mean
:::::::::
advection.

::::
With

:::::::::::::
TKE-advection

::::::
turned

:::
on

:::
and

::::::
α= 1,

:::
the

::::::
results

:::
of

:::::
mean

::::
wind

:::::
speed

:::::
field

:::
are

::::
quite

:::::::
similar

::
to

:::
that

::::
with

:::::::::::::
TKE-advection

::::::
turned

:::
off.

::::::
While

:::::
using

:::::::
α= 0.25

:::::
gives

::::::
similar

::::::
spatial

::::::::::
distribution

::
of

:
wind speed and TKEat 250

m from the flight track, in the same way as in Fig. ??, which are shown in Fig. 10. It ,
::
it

:::::
gives

::::
quite

::::::::
different

::::::::::
magnitudes

::
of

:::::::::::::
speed-reduction

::
as

::::
well

:::
as

::::
TKE

::::::
values.

::::
Due

::
to
::::
lack

:::
of

::::::::::::
measurements,

::
it remains inconclusive how much the inclusion of410

farm-induced-TKE advection improves the results and what are the correct CTKE :
α
:
values to use; more measurements

:
.
:::::
More

:::::::::::
measurements

::::
and

::::
more

:::::::::::::
meteorological

:::::::::
conditions are needed for further investigation.

::::
Since

:::::
most

::::::
studies

::
in

:::
the

::::::::
literature

:::::
using

:::
the

::::
Fitch

:::::::
scheme

:::
are

:::::::
affected

::
by

:::
the

::::
code

::::
bug,

::::
here

:::
we

::::
also

::::::
briefly

:::::::
examine

:::::
some

:::::
results

:::::
from

::::
WRF

::::::
before

:::
the

::::::
bug-fix.

::::
Fig.

:::
15

:::::
shows

:::
the

::::::
profiles

::
at

:::::
point

::
A,

::::::
similar

::
as

::::
Fig.

::
7,

:::
but

::::
now

:::
also

:::::::
includes

::
a
:::::::::
simulation

::::
with

:::::::::
WRF-Fitch

::::
with

:::
the

::::
bug

:::
and

::::::::
advection

::::::
turned

::
on

::::
(the

::::
only

::::::
option

:::
for

:
α
::
is
::
1

::
in

:::
that

::::::::
version),

:::
the

:::::
results

:::
are

::::
very

::::::::
different415

::::
both

::
for

:::::
wind

:::::
speed

:::
and

:::::
TKE,

:::::::::
compared

::
to

:::
the

::::::::
bug-fixed

::::::
version

::::
with

::::::
α= 1.

::::
This

:::::
result

:::::::
suggests

::::
that

:::
the

:::::
effect

::
of

:::
this

::::
bug

::
is

:::
not

:::::::::
negligible.

:::
The

::::::
impact

::
of

::::::::::
deactivated

:::::::::::::
TKE-advection

:::
was

::::
also

::::::
tested

::
in

:::::::::
connection

::::
with

:::
the

:::::::::
simulation

::::
with

:::
no

:::::
farms

:::::::::
(NWF-off)

::::
and

::
the

:::::
EWP

:::::::
scheme

:::::::::
(EWP-off).

:::::::::
Compared

:::
to

:::::
NWF

:::
and

:::::
EWP,

:::
the

::::::::::
differences

::
in

:::
the

::::
wind

::::
field

::::
are

:::
not

:::::::::
systematic

:::
but

::::::
shown

::
to

::
be

:::::::
random

:::::
noises

::::
with

::::::::
NWF-off

::::
and

:::::::
EWP-off

::::
(not

:::::::
shown).

::::
One

:::
can

::::::
notice

:::
that

:::::
TKE

::::::
related

::
to

:::::::::::::
turbine-affected

:::::
shear

::::::
travels420

::::::
slightly

::::::
further

::
in

::::
EWP

::::
than

::::::::
EWP-off.

::::
The

::::::
overall

:::::
effect

::
on

:::
the

::::
wind

:::::
speed

::::
and

::::
TKE

::
is

:::::::
marginal

::::
and

::
do

:::
not

::::::
change

:::
the

:::::::
findings

::
in

:::
the

::::::
study.

:::
The

::::::::::
simulations

::::
here

:::
also

:::::::
suggest

:::
the

:::::::
presence

::
of

:
a
::::::
global

:::::::
blockage

:::::
effect

:::::
when

:::
the

::::
flow

:::::::::
approaches

:::
the

:::::
wind

:::::
farms.

:::::::
Though

:::::
future

::::::
studies

:::
are

:::::::
required

::
to
::::::::::

understand
::
if

::::
such

::
an

:::::
effect

::
is
:::::::::

accurately
::::::::
captured,

::::
and

:::::
which

:::::::
scheme

::::::::
describes

::::
such

:::
an

:::::
effect

:::::
better.425

The studied case becomes even more interesting due to the presence of LLJs, in addition to the wind farm effect, as LLJ

is
::
as

::::
LLJs

::::
are a common phenomenon in this area of the North Sea. Numerical modeling studies of wind energy usually

address the rich resource in connection with LLJs, though few have included
:
a
:
wind farm wake effect. This case study shows

an overestimation of the 100-m wind speed by 1.59
:::::::::::
approximately

::::
1.45

:
m s−1

:
at

:::::
FINO

::
1 when ignoring the wind farm effect

in the WRF modeling, accounting 13
::
11−22

::
20% of the mean wind speed during this simulation period. At the same time,430

measurements and modeling at FINO 1 suggest that the wind speed distribution with height
:::::
profile

:
in the presence of LLJ

::::
LLJs

is modified by the presence of wind farm wakes, showing
:
.
::::
The

::::
wind

:::::
farm

:::::
wakes

::::
lead

::
to

::
a

:::::::
reduced

::::
wind

:::::
speed

:::
up

::
to

:::
the

:::
jet

13



::::
nose,

:
a higher jet nose and a higher wind shear beneath the jet nose. This upward shift of the jet nose in the presence of a wind

farm was also modelled in different LES studies (Sharma et al., 2017; Abkar et al., 2016).

5 Conclusions435

It is important to take the wind farm wake effect into account when calculating LLJ wind speeds in areas with wind farms.

LLJ structures are affected by the presence of wind farms. The WRF model with both the Fitch and the EWP schemes can

capture the wind speed field rather well and consistently. The schemes can not capture the flow acceleration along the farm

edge
:
It

:::::::
remains

::::::::::
inconclusive

::::::
which

::::::
scheme

::
is

:::::
better

::
at

:::::::::
describing

:::
the

::::
wind

:::::
field.

::
It

:::
also

:::::::
remains

:::::::::::
inconclusive

:::::
which

:::::::::
correction

:::::
factor

:::::
should

:::
be

::::
used

::
in

:::::::::
connection

::::
with

:::
the

:::::::::::::
turbine-induced

:::::
TKE

::::::::
generation

:::
in

::
the

:::::
Fitch

::::::
scheme. TKE from the EWP scheme440

is significantly underestimated compared to the flight measurements. This suggests that an explicit turbine-induced source of

TKE should be included in addition to the shear-generated TKE.
::::::
Neither

::::::
scheme

::::
can

:::
not

::::::
capture

:::
the

::::
flow

:::::::::::
acceleration

:::::
along

::
the

:::::
farm

::::
edge.

:

This case study shows typical features of the wind farm wakes in the presence of LLJsthrough a few key parameters, using

the most-used modeling approaches. It raises issues that have not been addressed in the literature, namely the interaction of445

wind farm wakes and LLJs. It also clearly shows the need in the improvement of
:::
for

::::::::::::
improvements

::
of

:::::::::::::
turbine-induced

:
TKE

calculations using the wind farm parameterizations in WRF. This study therefore serves as a start for a more systematic study

of similar conditions.

.

Code and data availability. The WRF model code is publicly available at https://github.com/wrf-model/WRF. The WRF input files and450

the source code for the wind farm parameterizations of Volker et al. (2015) as well as of Fitch et al. (2012) with bugfix by Archer et al.

(2020) are permanently indexed at https://zenodo.org/record/4133350#.X5aZOO3cBaR (DOI 10.5281/zenodo.4133350) This link will be

updated. Updates for EWP will be made available on https://gitlab.windenergy.dtu.dk/WRF/EWP. The SAR data are available from https:

//satwinds.windenergy.dtu.dk/. The FINO 1 measurements can be assessed from http://fino.bsh.de/. The flight data are available on https://doi.

org/10.1594/PANGAEA.902845. The OSTIA data is available from http://my.cmems-du.eu/motu-web/Motu. ERA5 data was downloaded455

from https://doi.org/10.24381/cds.bd0915c6. Data and scripts required to reproduce the analysis in this study are also shared in the above

Zenodo-record at https://zenodo.org/record/4322866#.X9iw2bNCfmE with DOI 10.5281/zenodo.4322866. This link will be updated.
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Figure 1. Wind speed (ms−1) at about 10 m
:::::
height (a) From

:::
from

:
SAR at 17:17 UTC on 14 Oct 2017 ;

::
and

:
(b

::
b-d) from WRF with the Fitch

scheme at 17:10 ; (c) from WRF with the EWP scheme at 17:10 on 14 Oct
::
for

::::::
different

::::::::
scenarios

::
as

::
in

::::
Table

:
3. The satellite data in (a) are

taken from https://satwinds.windenergy.dtu.dk/.

Figure 2. Flight tracks on 14 Oct 2017. Track labeled with “a” provides transect-flight data over the wind farm at about 250 m. Tracks labeled

with numbers 1 to 6 provide the profile-flight data (see also Table 1). The flight track has been extracted from Bärfuss et al. (2019b).
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Figure 3. (a). Wind farm clusters that are included in the WRF modeling.
:::
The

:::
box

:::::::
includes

::
the

:::::
wind

::::
farms

:::::
shown

::
in
:
(b) . Close-up

:::::
which

:
is
::
a

::::::
close-up

:
of (a), where the two consecutive rows over the Godewind 1 farm are WRF grid points (black and red), the flight legs are in

between the two row of WRF grid points (transect labeled “a” in cyan
::::
green

:
as in Fig. 2 ) and one more row down wind (blue

:::::
purple). Also

marked are the location of the FINO
:
1 mast (F1) and point A on transect-a.
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Figure 4. The three nested model domains in the WRF modeling, shown in
::::
colors

::::
show

:
topography.
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Figure 5. Vertical profiles of potential temperature (a, b), wind direction (c, d), TKE (e, f) and wind speed (g, h), observed (OBS) and

modeled (MODEL) at the center positions of profile-flight 1 to 6. Note that the modeled data are from EWP scheme.
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Figure 6. Wind profiles measured (OBS) and modeled (Fitch
::::
NWF, EWPand NWF,

:::::::::
Fitch-on-1,

:::::::::::
Fitch-on-0.25,

::::::
Fitch-off) at FINO 1 station on

14 Oct. (a) six 10-min profiles between 14:00 and 15:00; (b) six 10-min profiles from 15:00-16:00; (c) six 10-min profiles from 20:00-21:00.

:::
The

:::::::::::
corresponding

:::::
turbine

:::
hub

:::::
height

:::
and

:::
the

::::
rotor

:::
area

::::
from

:::
the

::::::
upwind

::::
farm

::::::
Borkum

:::::::
Riffgrund

::
1
::
are

::::::::
illustrated

::
in

::::
black
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Figure 7. Modeled vertical profiles at Point A (see Fig. 3) over the Godewind 1 wind farm at 15:00 on 14 Oct, together with the transect-

flight-4 data at 250 m (15:01 - 15:11) (a) wind speed; (b) TKE. The corresponding turbine hub height and the rotor area are illustrated in

gray
::::
black.
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Figure 8. Measured and modeled time series at FINO 1 on the 14 Oct 2017: (a) wind speed at 100 m; (b) wind direction at 90 m, using Fitch

and EWP schemes, as well as no farms option (NWF).
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Figure 9. Wind speed deficit (m s−1) at about 10 m 17:00 on 14 Oct 2017, corresponding to the SAR image as in Fig. 1. (a) wind speed from

the Fitch scheme minus those from the no-farm scheme
:::::
deficit

::::::
between

:::::
EWP

:::
and

:::::
NWF; (Fitch-NWF

:
b)

::::
deficit

:::::::
between

:::::::
Fitch-off

:::
and

:::::
NWF;

(b
:
c) wind speed from the EWP scheme minus those from the no-farm scheme

:::::
deficit

::::::
between

:::::::::
Fitch-on-1

:::
and

:::::
NWF; (EWP-NWF

:
d)

:::::
deficit

::::::
between

::::::::::
Fitch-on-025

:::
and

::::
NWF.
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Figure 10. (a,
:
c) Transect

::::::::
Transect-a distribution of wind speed at 250 m as a function of latitude between 14:00 to 16:00 on 14 Oct 2017,

observed (OBS) and modeled (every 30-min). (b
:
,
:
d) Similar to (a,

:
c) but for TKE. The observed values are the flight data averaged over a

distance of 2 km. The modeled values are from the use of the Fitch, the EWP and no wind farm (NWF) schemes. The wind farm is indicated

on the x−axis with a thick black line.
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Figure 11. Distribution of wind speed
:::
(left

:::::::
column) and TKE

::::
(right

:::::::
column) over the transect-red (at longitude 7.02◦E) at 15:30 on 14 Oct

2017,
::::::
x-axis:

:::::::::
south-north

:::
and

:::::
z-axis:

::::::
height.

::::::
Row-1:

::::
EWP.

::::::
Row-2:

:::::::::
Fitch-on-1.

::::::
Row-3:

::::::::::
Fitch-on-025.

::::::
Row-4:

:::::::
Fitch-off.

:
The wind farm is

indicated on the x−axis with a thick white line and the corresponding turbine is illustrated in white.
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Figure 12. Distribution of wind speed and TKE over the transect-blue
:::::
Similar

::
to
::::

Fig.
:::
11,

:::
but

:::
for

:::::::::::
transect-purple

:
(at longitude 7.2◦E)

::::::::
downwind

::
of

::::
wind

::::
farms

:
at 15:30 on 14 Oct.

28



Figure 13. Spatial distribution of TKE
::::
wind

::::
speed

:
at 250 m from WRF model at 20171014 15:30 (a) using Fitch

::::
EWP scheme, advection off

and CTKE = 1; (b) using EWP
::::
Fitch

:
scheme,

::::::::
advection

::
of

::::::::
(Fitch-off); (c) using Fitch scheme, with advection on and CTKE = 0.25

:::::
α= 1

:::::::::
(Fitch-on-1); (d) using Fitch scheme, with advection on and CTKE = 1

:::::::
α= 0.25

:::::::::::
(Fich-on-0.25)
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Figure 14.
:::::
Spatial

:::::::::
distribution

::
of

::::
TKE

::
at

:::
250

::
m

::::
from

:::::
WRF

:::::
model

::
at

::::::::
20171014

::::
15:30

:::
(a)

:::::
using

::::
EWP

:::::::
scheme;

::
(b)

:::::
using

::::
Fitch

:::::::
scheme,

:::::::
advection

::
of

:::::::::
(Fitch-off);

::
(c)

:::::
using

::::
Fitch

::::::
scheme,

::::
with

:::::::
advection

:::
on

:::
and

:::::
α= 1

:::::::::
(Fitch-on-1);

:::
(d)

::::
using

:::::
Fitch

::::::
scheme,

::::
with

:::::::
advection

:::
on

:::
and

:::::::
α= 0.25

:::::::::::
(Fich-on-0.25)

30



8 10 12 14 16

WS m s-1

0

100

200

300

400

500

600

H
ei

gh
t m

(a)

NWF
Fitch-on-1, new
Fitch-on-0.25, new
Fitch-on-1, old

0 0.5 1 1.5 2 2.5

TKE m2 s-2

0

100

200

300

400

500

600

H
ei

gh
t m

(b)

Figure 15. Similar to Fig. ??7, comparisions of wind speed and TKE at 250 between measurements and model data from the

Fitch scheme
:::::
except

:::
for

::::
EWP, with advection off with CTKE = 1

::::::::
Fitch-on-1,

::::::::::
Fitch-on-0.25

:
and advection on with CTKE = 1 and

CTKE = 0.25
:::::::

Fitch-old.
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Table 1. Time of the profile-flights (see track 1-6 in Fig. 2) and transect-flights (see Fig. 2 transect-a).

Flight nr. start end

profile 1 2017-10-14 13:22:59.700 2017-10-14 13:25:08.410

profile 2 2017-10-14 14:14:41.600 2017-10-14 14:17:10.470

profile 3 2017-10-14 15:13:31.260 2017-10-14 15:15:53.240

profile 4 2017-10-14 16:10:21.570 2017-10-14 16:12:49.110

profile 5 2017-10-14 16:16:35.240 2017-10-14 16:19:55.230

profile 6 2017-10-14 16:23:22.060 2017-10-14 16:25:05.150

transect 1 2017-10-14 14:20:50.860 2017-10-14 14:30:12.370

transect 2 2017-10-14 14:34:41.180 2017-10-14 14:44:37.520

transect 3 2017-10-14 14:48:27.970 2017-10-14 14:57:43.640

transect 4 2017-10-14 15:01:38.120 2017-10-14 15:11:34.970

transect 5 2017-10-14 15:45:01.130 2017-10-14 15:54:05.160

transect 6 2017-10-14 15:58:29.630 2017-10-14 16:08:34.810
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Table 2.
::::
WRF

:::::::::::::
parameterisation,

::::::::
boundary

:::::::
conditions

::::
and

:::::
forcing

::::
data

:::::::
employed

:::
for

::
the

::::::::
performed

::::::::::
simulations.

:::::::
Category

:::::::::
Subcategory

:::::
Details

::::::
(option

::::::
number)

::::::
Schemes

: :::
PBL

: :::::
MYNN

::::::::::::::::::::::
(Nakanishi and Niino, 2009)

:::::
Surface

:::::
layer

::::::::::::
Monin-Obukhov

:::::::
similarity

:

::::::::::
Microphysics

:::
New

::::::::::
Thompson

::::
et

::::
al.

:::::::
scheme

:::::::::::::::::
(Thompson et al., 2004)

:::::::
Radiation

::::::
RRTMG

::::::
scheme

:::::::::::::::
(Iacono et al., 2008)

:::::::
Cumulus

::::::::::::
parameterisation

:::::::::
Kain-Fritsch

:::::::
scheme

:::
on

:::::::
domain

::
1

::::::::::::::::::
(Kain and Fritsch, 1993)

:::::::
Boundary

::::
and

::::::
forcing

:::
data

::::::::
Dynamical

::::::
forcing

:::::
ERA-5

::
on

:::::::
pressure

::::
levels

:::::
every

:
6
::::
hours

::::
Land

:::
use

:::
data

:::::::
CORINE

::::
from

::::
2017

:::
Sea

:::::
surface

:::::::::
temperature

: :::::
OSTIA

::::::::::::::
(Stark et al., 2007)

::::
Land

:::::
surface

:::::
model

: :::::::::
NOAH-LSM

:

Table 3.
::::::::
Overview

::
on

::::::::
performed

:::::::::
simulations.

::::::::
Denotation

: ::::
Wind

::::
Farm

:::::::::::::
Parameterisation

::::
TKE

:::::::
advection

:

::::
EWP

::::
EWP

::
on

:::::::
EWP-off

::::
EWP

::
off

:

::::::::::
Fitch-on-0.25

::::
Fitch

:::
on;

:::::::
α= 0.25

::::::::
Fitch-on-1

::::
Fitch

:::
on;

::::
α= 1

:

:::::::
Fitch-off

::::
Fitch

::
off

:

:::::::::
Fitch-on-old

: ::::
Fitch

::
on

::::::
(before

:::::
bugfix)

:

::::
NWF

: ::
No

: ::
on

:::::::
NWF-off

::
No

: ::
off

:
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Table 4.
::::
Wind

::::
farm

:::::
details

:::
for

::
all

::::::::
simulated

::::
wind

:::::
farms.

:::
Note

::::
that

::
for

::::
some

::::
wind

:::::
farms

:::
the

:::::
turbine

::::::
models

::
do

:::
not

::::::::
correspond

::
to

:::
the

::::::
actually

::::::
installed

::::
one,

::::
since

::::
thrust

:::
and

:::::
power

:::::
curves

:::::
where

:::
not

:::::::
available

::
for

:::
all

::::::
turbines.

Wind farm Turbines Turbine Model Hub Height [m] Rotor top [m] Wind Farm Area [km2]

Alpha Ventus 12 M5000-116, Senvion_5M 90.0, 92.0 148.0, 155.0 4

Amrumbank West 80 SWT-3.6-120 88 148 30

BARD Offshore 80 M5000-116 90 148 59

Borkum Riffgrund 1 78 SWT-4.0-120 89.5 149.5 36

Butendiek 80 SWT-3.6-120 88 148 31

Gemini 150 SWT-4.0-130 95 160 68

Global Tech I 80 M5000-116 90 148 40

Gode Wind 1 55 SWT-6.0-154_110 110 187 40

Gode Wind 2 42 SWT-6.0-154_110 110 187 29

Horns Rev I 80 V80-2.0 67 107 21

Horns Rev II 91 SWT-2.3-93 68.3 114.8 33

Meerwind Süd/Ost 80 SWT-3.6-120 88 148 40

Nordsee One 54 6.2M126_90 90 153 30

OWP Nordergründe 18 6.2M126_84 84 147 3

OWP Nordsee Ost 48 6.2M126_95 95 158 36

OWP Veja Mate 67 SWT-6.0-154 106 183 51

Offshore Windfarm DanTysk 80 SWT-3.6-120 88 148 65

Offshore Windfarm Sandbank 72 SWT-4.0-130 95 160 47

Offshore Windpark Riffgat 30 SWT-3.6-120 88 148 6

Trianel Windpark Borkum 40 M5000-116 90 148 23

Table 5.
:::::::::
Differences

::::::
between

:::::::::::
measurements

:::
and

:::::::
simulated

::::
wind

:::::
speed

:::
time

:::::
series

:
at
:::
100

::
m
::
at

:::::
FINO

:
1
::::::
between

:::::
12:00

:::
and

::::
24:00

::
on

:::
14

:::
Oct,

::
in

::::
terms

::
of

::::
mean

::::::
deficit,

::::::
standard

:::::::
deviation

::
of

:::
the

::::::::
difference

:::
and

::::::
absolute

::::::::
difference.

::::::
Positive

:::::
values

:::::
mean

:::
that

::
the

::::::::
measured

:::::
values

::
are

:::::
larger.

:

::::::::
Denotation

: :::::
〈∆U〉

::::
ms−1

: ::::
STD

:::::
ms−1

::::::
〈|∆U |〉

::::
ms−1

:

::::
EWP

::::
-0.21

:::
0.57

: :::
0.50

:

::::::::::
Fitch-on-0.25

:::
0.59

: :::
0.56

: :::
0.65

::::::::
Fitch-on-1

:::
0.22

: :::
0.50

: :::
0.43

:::::::
Fitch-off

:::
0.30

: :::
0.46

: :::
0.44

:

::::
NWF

: ::::
-1.45

:::
0.59

: :::
1.45

:
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