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Abstract. In this paper, a simulation chain is presented. This method comprises the precursor
large-eddy simulation (LES) of a stably-stratified atmospheric boundary layer (ABL), the
assimilation of the simulated mean velocities to measured wind profiles, and finally a simulation
of the generated turbulent ABL flow passing through two wind turbines in a row. The
high-resolved precursor simulation with a horizontal grid spacing of 3 m accounts for the
characteristic turbulence of the stably-stratified ABL. Using an assimilation technique, the
horizontal velocities are adapted accurately to the measured mean wind profiles for the WiValdi
wind farm site at Krummendeich. The wakes of two wind turbines in a row with the assimilated
inflow is successfully computed. With the simulation chain presented, it is possible to generate
realistic atmospheric inflows for wind-turbine simulations with manageable computational effort.

1. Introduction
The vertical distributions of wind, temperature, moisture, and turbulence in the ABL strongly
depend on the diurnal cycle. During day, the solar heating of the surface generates turbulent up-
and downdraughts, resulting in a well-mixed ABL. After sunset, the surface cooling produces
negative buoyancy and leads to a sink in turbulence production. During this period, the main
turbulence production mechanism is mechanical shear close to the surface. There are also
other turbulence sources like breaking gravity waves or advection of turbulence during night, all
together describing nocturnal intermittent turbulence [1].

To realistically generate turbulence locally and preserve it in a stably-stratified ABL with
an LES model, a very fine spatial resolution of less than about 3.125 m is required [2]. In
addition, an appropriate subgrid-scale (SGS) model must represent the unresolved turbulence
[3]. For stably-stratified flows, the SGS model has to account for buoyancy destruction in the
vertical [4] as well as for the anisotropy of turbulence [5]. Considering these requirements, the
stably-stratified ABL flow can be simulated numerically by idealized LES models [3, 6, 7].

A realistic wind-park inflow is characterized by variable, mostly transient 3D wind and
temperature fields. In numerical models, they can be separated into mean vertical profiles of
the three wind components and the temperature and their corresponding turbulent fluctuations.
The application in wind energy often requires that these mean vertical profiles used as initial and
background states in LESs are as close as possible to measured or simulated nocturnal profiles
(e.g. from mesoscale models) in order to represent specific cases. Various approaches exist to
include this meso-microscale coupling in LESs [8, 9]. The general idea is to apply a nudging
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of mean profiles from a precursor simulation towards a new target profile of the horizontal
wind. It is crucial for the assimilation technique to avoid a damping effect on the characteristic
atmospheric turbulence from the precursor simulation.

The final goal would be a highly-resolved wind-park simulation with realistic mean profiles
as well as turbulence fields. However, this is especially difficult in case of intermittent flow
simulations [10]. Therefore, this work presents an intermediate step towards the final goal of not
only adapting the mean profile towards a specific target profile, but also letting the turbulence
develop adequately under the influence of the new profile.

The paper is organized as follows: The atmospheric situation, the numerical model EULAG,
the precursor simulation of the stable boundary layer (SBL), the data assimilation technique,
the wind-farm simulation, and the coupling strategies required to combine the three individual
components of the simulation chain are described in Sect. 2. The respective numerical results
follow in Sect. 3, with a detailed view on wind-turbine relevant heights. Conclusions are given
in Sect. 4.

2. Methodology
Measurements of the horizontal wind at the Krummendeich site (cf. Section 2.1) are applied as
reference for our simulations. All numerical simulations are conducted with the numerical solver
EULAG, whose properties and settings are briefly described in Section 2.2.

Following literature, we apply a simulation chain, consisting of three components (see
Figure 1): the precursor simulation described in Section 2.3 is used to establish a first
approximation to wind measurements of an SBL. Further, this simulation ensures an appropriate
vertical profile of the potential temperature of the subsequent simulations. The numerical
simulation results serve as input for the relaxation method discussed in section 2.4, where a
forcing is applied to nudge the zonal and meridional velocity components towards the measured
wind components. Finally, the atmospheric flow fields of the precursor simulation as well as the
assimilation simulation were applied as inflow field in the wind-farm simulations. The setup of
the wind-farm simulations are described in section 2.5.

2.1. The atmospheric situation
The references for the simulation chain are horizontally averaged vertical profiles of potential
temperature and horizontal wind components. These quantities were measured by a microwave
radiometer and a Doppler wind lidar [11] at the Krummendeich research windpark WiValdi [13]
on 18 November 2021 at 03:35 UTC (Figs. 2 and 3, gray dotted lines). The lidar data are
available down to a height of 60 m. The zonal (u) and meridional (v) wind components below that
height were approximated by linear extrapolation from the measured values at 60 m, because this
data is necessary for the data assimilation method explained in Section 2.4. This extrapolation is
not necessary for the turbulent kinetic energy (TKE) data. The main characteristics of an SBL
are present in these measurements: A low-level jet (LLJ) between the height of 300 m and 400 m
and a temperature inversion in the temperature profile. The specific TKE (= 1

2 [u
′2 + v′2 +w′2],

primes denote deviations from the horizontal mean) obtained from the measurements shows an

increase below 400 m and a constant intensity of ≈ 0.2 m2

s2
between 400 m and 800 m altitude.

The variance of the flow is considered by including an uncertainty region to the measurements
(gray shaded area in Figs. 2 and 3) which is ±0.5 m s-1 for the velocity and 0.2 m2 s-2 for TKE
following Wildmann et al. [11].
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2.2. The numerical model EULAG
EULAG is a multiscale geophysical flow solver, which integrates the three-dimensional
incompressible Boussinesq equations for the resolved zonal, meridional and vertical wind
components u, v, w and the resolved potential temperature perturbation θ′ [12]:

∇ · (ρ0v) = 0, (1)

dv

dt
= −∇

(
p
′

ρ0

)
+ g

θ
′

θ0
− fc × (v − ve)−∇ · τ − f+

FWT

ρ0
, (2)

dθ′

dt
= −v · ∇θe −∇ · ϑ. (3)

Here, the environment state is denoted with the subscript e. Further, v = (u, v, w), p is the
pressure, ρ0 = 1.1 kg m−3 a constant density of the dry atmosphere, g the gravity vector
and fc = (0, 0, 2Ωc sinϕ) is the Coriolis frequency with Ωc the angular velocity vector resulting
from the rotation of the Earth and ϕ = 53.9◦ the latitude of Krummendeich. The dissipation
of momentum and heat is prescribed with the divergence of the SGS stress τ and flux ϑ,
respectively. f denotes the additional forcing due to the assimilation method described in Sect.
2.4. The turbine-induced forces are implemented via the immersed boundary method modifying
the flow field via FWT , prescribing the forces as actuator disc method following the blade-element
momentum theory.

Figure 1. Schematic visualization of the simulation chain on the left and bottom and picture of
the two wind turbines at Krummendeich (15.08.2023) on the right. The 2D-slices of the idealized
precursor simulation profiles (1.) are used as input for the data assimilation technique (2.) which
nudges the zonal and meridional wind velocity components u and v towards the horizontal
averaged target profiles measured at Krummendeich. 2D-slices from this simulations serve as
the inflow conditions for the subsequent wind-farm simulation (3.), where the performance of
two wind turbines in the stable boundary layer is tested. All simulations are conducted with
the numerical solver EULAG.



The Science of Making Torque from Wind (TORQUE 2024)
Journal of Physics: Conference Series 2767 (2024) 052054

IOP Publishing
doi:10.1088/1742-6596/2767/5/052054

4

In this paper, EULAG is used with the TKE SGS model according to Schumann [4] to close
the governing equations. A partial slip Neumann boundary condition with surface fluxes for
momentum is applied at the lower boundary for the horizontal wind components. A heat flux of
−10×10−3 Km

s is imposed on the lower boundary, resulting in a total surface cooling of −0.4K in
the 9 simulated hours. A sponge layer was imposed on the upper boundary to dampen numerical
oscillations.

In the horizontal directions, periodic boundary conditions are used for all prognostic variables.
For all simulations, the horizontal grid sizes are ∆x = ∆y = 3 m, which is chosen to be below
the limit suggested by Maronga and Li [2]. Vertical stretching is applied with ∆zmin = 2.2 m
at the lower boundary, ∆zmax = 15.5 m at the upper boundary and a continuous increase in
between. This grid refinement ensures a fine resolution close to the surface and in the typical
vertical domain of wind turbines while maintaining a reasonable fast computation time. For
the top cells, a resolution in z direction as fine as for the bottom cells is not necessary in this
idealized SBL simulation, since turbulence occurs mainly below z ≈ 500 m and velocity profiles
become uniform above the low level jet.

2.3. Precursor simulation of an SBL
The simulated domain spans 600 m× 600 m× 800 m in x, y and z directions with 200 gridpoints
in the horizontal and 160 in the vertical directions. An anisotropy model following Sullivan et
al. [5] is implemented and modifies the SGS stress tensor τij to take into account the reduction of
turbulence length scales and the inhomogeneous flow close to the surface and to obtain resolved
turbulence.

The initial and background environmental vertical profile of the potential temperature is

θe(z) =

{
280 K z ≤ 100 m

280 K + 0.01 K/m · (z − 100 m) z > 100 m
(4)

The initial and background horizontal wind components are u(z) = 15 m
s and v(z) = − 3 m

s .
Within the simulated time period of 9 h, a quasi-steady state is reached, meaning that the mean
vertical profiles of u and v barely change with time.

2.4. Data assimilation
Several meteorological mesoscale processes influencing the microscale flow cannot be represented
sufficiently in LESs. The lack of adequate representation of these processes limits the
possibility of carrying out LES with previously defined settings in order to match observed flow
parameters [10]. Using data assimilation techniques, an additional forcing can be applied to the
zonal and meridional velocity components in order to nudge the simulated velocities towards
the observed target values. Various approaches for data assimilation methods can be found in
literature which are used both in mesoscale models like the weather research and forecasting
model (WRF) [17] and microscale models [16]. However, there are unresolved issues concerning
the damping of the resolved atmospheric turbulence by these assimilation techniques. Here,
we implement and apply a method developed by Nakyama and Takemi [9] which is based on
the vibration equation for the velocity oscillating around a zero-wind basic state with a certain
frequency. The following forcing term f is derived from the vibration equation and is introduced
on the right hand side of the momentum equations in Eq. 3:

f(x, y, z, t) = ρ0ω
2
0

∫ t

0
(ψ(x, y, z, t′)−ΨOBS(z, t

′)) dt′ . (5)

ψ and ΨOBS correspond to the instantaneous horizontal velocity components u and v at a certain
grid point and the averaged observed velocity components UOBS(z) and VOBS(z) at the related
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height z, respectively. ρ0 is the density and ω0 = 2πf0 the frequency for the oscillating velocity
in the vibration equation. This approach has successfully been applied for a near-neutral case
of WiValdi in Wrba et al. [18].

In the nudged simulation, two-dimensional slices of the evolving velocity components and the
potential temperature from the precursor simulation are used as synchronized inflow conditions
at every time step. The dimensions of the nudging simulation are 3000 × 600 × 800 m3 with
the same spacing as in the precursor simulation. The forcing due to the assimilation method is
applied at every grid point i, j, k for i=60 . . . 400 (x=180 . . . 1200 m). The analysis section for
the investigation of the assimilated profiles is from x=1200 m to 1800 m.

2.5. Wind-farm simulation
To represent the arrangement of wind turbines inside the WiValdi wind farm, two wind-turbine
rotors, one in the wake of the other, are implemented in EULAG. The domain size and spatial
resolution is the same as in the data assimilation simulation. As wind turbine we apply the
5 MW NREL rotor with D=126 m rotor diameter and 90 m hub height. These values are
similar to both turbines of WiValdi which have a rotor diameter of 116 m and a hub height
of 92 m. Due to similar dimensions, we choose this rotor as no data of the actual rotors are
available. However, this is suitable for this investigation, as there are no wake measurements
for comparison because the wind turbines were not yet finished in 2021 (time of atmospheric
measurements). Comparable to WiValdi with a turbine distance of 508 m, we applied a turbine
spacing of 504 m, corresponding to a turbine spacing of 4D for the NREL 5 MW rotor.

2.6. Coupling strategies
As first step, the precursor simulation of the SBL is conducted with the initial and boundary
conditions described in 2.3. After reaching a quasi-steady state, 2D slices of the three velocity
components and the potential temperature perturbation spanning the y - z-area are stored at
every time step over a period of 20 min. They serve as input for the following assimilation
simulation preserving turbulence with open horizontal boundary conditions.

The same procedure is repeated in the nudging simulation at x=1500 m. The corresponding
2D slices are again used as turbulence recycling method for the input in the wind-turbine
simulations. For a more detailed explanation we refer to Englberger & Dörnbrack [19].

3. Results
3.1. Precursor simulation
The resulting vertical profiles of horizontal wind and TKE (resolved + subgrid scale) from
the idealized precursor simulation are obtained at the last time step by horizontal averages at
each vertical level (Fig. 2). The LLJ height of the simulation, visible in the ⟨u⟩xy-profile is
between 300m and 400m, similar to the measurement. The mean zonal wind ⟨u⟩xy is larger in
the simulation than in the measurement, especially close to the surface. The mean meridonal
wind ⟨v⟩xy has smaller deviations from the observed profile with an overshoot above 300m and
small underrepresentation below. The simulated mean TKE is smaller compared to the values
obtained at Krummendeich.

The differences of the mean profiles between the idealized precursor simulation and the
experimental measurements can be explained as following. Multiple properties of the final wind
and temperature profiles as well as the TKE and the boundary-layer height in the idealized
simulations are correlated. A larger TKE could be obtained by increasing the surface heat
flux, resulting in a larger surface temperature at the end of the simulation time. However, this
would increase the height of the boundary layer and thus also the height of the LLJ (a detailed
example of the correlation between boundary-layer height and surface cooling rate can be found
in Sullivan [7]). But the height of the LLJ in the precursor simulation is already greater than in
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the observations, and an increase in the surface heatflux would further amplify this difference.
Another reason for the difference of simulated to measured profiles is the presence of mesoscale
meteorological processes, which could be included by adding additional forcing terms in the
equations. This is not taken into account in the idealized precursor simulation.

In summary, the mean vertical profiles obtained by the precursor simulation show differences
to the measurements. This result is not unexpected and it is assumed that the data assimilation
method as applied in the next step of the simulation chain will provide a framework for a realistic
wind-park inflow.

3.2. Data assimilation
Figure 2 shows that despite a careful adjustment of all parameters in the precursor simulation
there is still a difference between the vertical profiles in the LES and the measured profiles,
which may result from mesoscale processes that are not represented in idealised LESs. With the
data-assimilation technique described in Sect. 2.4, the zonal and meridional velocity components
are nudged towards the observed target profiles. As a larger frequency f0 in Eq. 5 leads to a
stronger forcing, we expect a higher impact on the TKE as well. We tested the method for
different frequencies f0 to see its influence on the velocities and the TKE. The results for
the simulation with data assimilation for different frequencies f0 are shown in Fig. 2. The
uncertainties of the variance of the flow in the measurements are indicated by the gray colored
areas according to Wildmann [20].

A clear impact of the vibration assimilation method is evident from the profiles of the mean
zonal velocity ⟨u⟩xy (averaged over x=1200 m . . . 1800 m) in the left image of Fig. 2: For
a higher frequency f0 the change of the velocity is larger compared to a smaller frequency.
For f0=0.001 s-1 and f0=0.0015 s-1, the velocity is greatly adjusted towards the target profile
above z=400 m but underestimates the target profile beneath z=200 m. In the rotor area
a good accordance between the nudged profile and the observed target profile can be seen for
f0=0.0007 s-1 where the difference between the curves is within the uncertainty range of the
measurements.

Considering the meridional velocity ⟨v⟩xy (averaged over x=1200 m . . . 1800 m) the
target profile is reached accurately in the rotor area for f0=0.0007 s-1, f0=0.001 s-1, and
f0=0.0015 s-1, respectively. Between z=250 m and z=400 m the assimilation method was
able to adjust the meridional velocity notably for f0=0.0015 s-1. Above z=400 m the best
results are achieved for f0=0.001 s-1 and f0=0.0015 s-1.

Regarding the TKE, a small reduction of the atmospheric turbulence can be seen for
f0=0.0005 s-1 while larger frequencies lead to an increase of the TKE between z=50 m and
z=280 m. In this area the TKE values for f0=0.0007 s-1, f0=0.001 s-1 and 0.0015 s-1 are
in between the values of the precursor simulation and the measured TKE. Compared to the
measurements inside the rotor area the TKE for f0=0.001 s-1 leads to the closest values within
the uncertainty range of ±0.2 m2 s-2 of the measurement data.

It can be concluded that the best results can be obtained when the frequency in the vibration
assimilation method is set to f0=0.0007 s-1, as the zonal target profile is matched more precisely
than in the other cases, especially in the area of the rotor, whereas the meridional velocity is
within the uncertainty range for all tested frequencies. Furthermore, inside the rotor area the
calculated TKE for this f0 is in between the precursor simulation and the measured TKE. For the
following simulations with the wind turbines we give a precise math of the zonal and meridional
wind components a higher priority than TKE. Therefore, synchronized two-dimensional slices are
extracted at x=1500 m from the nudging simulation with f0=0.0007 s-1, serving as turbulent
inflow.
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Figure 2. Results of the vibration assimilation method using different frequencies f0 for the
calculation of the additional forcing. The mean zonal velocity ⟨u⟩xy, the mean meridional
velocity ⟨v⟩xy and the mean TKE is presented, horizontally averaged at each vertical level. The
black solid line refers to the values of the precursor simulation while the gray dotted line shows
the measured target profiles for ⟨u⟩xy and ⟨v⟩xy and the measured TKE. The uncertainty of the
measurements ±0.6 m s-1 (±0.2 m2 s2) for the velocities (TKE) is indicated by the gray colored
area. The horizontal thin dashed (dashed dotted) lines show the top tip and bottom tip (center)
of the rotor. The blue line (gold diamonds, magenta crosses, dark blue dashed line) shows the
resulting profiles for a frequency of f0=0.0005 s-1 (f0=0.0007 s-1, f0=0.001 s-1, f0=0.0015 s-1).

3.3. Mean profiles interacting with a wind-turbine rotor
Figure 3 shows the distribution of the temperature profile, the mean streamwise and spanwise
velocity and the mean TKE up to z = 200 m. Compared are the values for the measurements,
the precursor SBL and the nudging simulation with f0=0.0007 s-1. The streamwise and spanwise
velocities are in very good agreement with the measured profiles as well as the mean TKE inside
the rotor area. The left image shows the temperature profile, which is not affected by the
assimilation approach. It can be concluded that the assimilation of the wind profiles leads to
an SBL with realistic wind speeds and turbulence especially inside the rotor area. Before the
turbulent flow from the assimilation simulation can be applied as inflow condition in the wind-
turbine simulation, the flow field is rotated to result in a spanwise velocity of zero at turbine
hub height. The resulting flow field allows the further simulation of the two wind turbines in a
row with this assimilated inflow and the investigation of the developed wake.

3.4. Wind-farm simulation
The presented approach shows a successful adaption of the mean profiles of the zonal and
meridional wind components towards the measurements, while TKE is only affected in response
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Figure 3. Vertical mean profiles of the potential temperature ⟨Θ⟩xy, the wind components
⟨u⟩xy, ⟨v⟩xy and ⟨TKE⟩xy (resolved + subgrid scale) obtained from different sources. The gray
points show the measured target profiles from the Krummendeich research windfarm with the
measurement uncertainties (cf. Fig. 2) indicated by the colored areas. The black solid line
indicates the profile from the idealized precursor simulation. The gold diamond line indicates
the final profile obtained from the vibration assimilation method. The horizontal thin dashed
(dashed dotted) lines show the top tip and bottom tip (center) of the rotor.

to the shear production by the adjusted flow (Eq. 2). The final aim of this approach will be a
suitable method to adapt the mean flow conditions from an idealized LES towards measurements,
which can be used as inflow conditions for wind-turbine simulations. As first attempt, we
perform wind-turbine simulations following Sect. 2.5. As no wind turbines and, therefore, no
wake measurements were available at Krummendeich in 2021, this presents a general test of
the proposed simulation chain, giving a first impression of the wake including the assimilation
technique.

Figure 4 shows x - y cross sections through hub height on the left and x - z cross sections
through the center of the nacelle on the right. The first row represents the resulting wakes under
idealized inflow conditions of the SBL and the second row the corresponding wakes under nudged
inflow conditions. The main difference is the modified wind field interacting with the upwind
rotor. The streamwise wind component of the idealized SBL is reduced by the assimilation
approach towards the measurements. The different hub height wind speed (Fig. 3) correspond
to a difference in the rotor speed for the 5 MW NREL rotor. Therefore, the wind turbine
simulated with inflow data from the precursor simulation is in a different operating point in
comparison to the wind turbine simulated with inflow data from the assimilation simulation.

However, apart from differences in the absolute velocity values, resulting from a smaller inflow
velocity and related differences in the rotor performance, the general wake structures are similar.
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Figure 4. Coloured contours of the streamwise velocity component in m s−1 as horizontal
cross section ui,j,khub through hub height khub (left) and as vertical cross section ui,j0,k through
the center of the rotor j0 (right). The idealized inflow is presented in the top row and the
nudged inflow towards measurements in the bottom row. All are averaged over the last 10 min
of the corresponding wind-turbine simulation. The black contours represent the velocity deficit
V Di,j,khub (left) and V Di,j0,k (right).

The minimum of the velocity deficit (V Di,j,k ≡ u1,j,k−ui,j,k

u1,j,k
, black contours in Fig. 4) of 0.6 to

0.7 is prevalent after the first rotor in both cases. Likewise it is the case with the near-wake
V D-value of ≈0.4 behind the downwind rotor. The downstream distance of the corresponding
V D-lines is comparable, with a slightly more rapid wake recovery in the assimilated wind-farm
simulation. This intensified entrainment can be explained with the influence of the forcing from
the assimilation process on the velocity field in Eq. 3, resulting in an increase of TKE (Figs. 2
and 3) in the inflow wind field of the nudged wind-farm simulation. Despite the different rotor
speed in the two wind-farm simulations, the general wake characteristics (wake width, wake
extension, VD) are preserved by the assimilation approach. For a final validation, a comparison
with measurements will be necessary in the future.

4. Conclusion
A simulation chain consisting of three components is necessary to represent the wake of a wind
park in stably-stratified ABL flow for a prescribed vertical mean profile of the horizontal wind.
The high-resolved precursor simulation with an SGS model which is capable to account for the
pertinent atmospheric turbulence in the SBL provides a simulation which matches to a large
extend previously defined parameters of observational data. However, there are still differences
between the simulated and the measured horizontal velocities and TKE, which are most likely
due to mesoscale atmospheric processes that are present in the observations but not taken
into account in the numerical simulations. The mesoscale impact on the same stably-stratified
situation is investigated in detail in Kilroy et al. [21] by simulations with WRF leading to results
of windspeeds and TKE values in accordance with the measurements.

The presented vibration assimilation technique is able to nudge the velocities towards the
desired target profiles. Especially, the measured velocity profiles are represented accurately in
the area of the wind-turbine rotor. The impact of the assimilation technique on the TKE has
been presented. Instead of a damping of the TKE, which occurs using a Newtonian relaxation
(cf. [18]), the assimilation technique applying the vibration equation leads to an increase of the
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TKE in comparison to the idealized precursor simulation. As the results within the rotor area
are very convincing, the flow through the wind farm is simulated as the third component of the
applied simulation chain.

This study is a first approach towards a wind-turbine simulation under realistic turbulent
inflow conditions. Our next step is not only to adjust the mean wind profiles, but also to take
turbulence into account so that its effect leads to the final mean wind profiles. Another step
would be the adaption of the potential temperature profile towards measurements. As soon as
measurement data of the wakes will be available for the wind farm WiValdi at Krummendeich,
a detailed comparative analysis between measurements and simulations will be performed which
will improve knowledge of the interaction of wakes with realistic atmospheric flow.
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