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Atmospheric Turbulence Modelling for Very Large Wind
Turbines

N.S. Dangi∗, J. Sodja †, D.A. von Terzi ‡ and W. Yu §

Delft University of Technology (TU Delft), Aerospace Engineering, 2629 HS, Delft, Netherlands

Accurate modeling of atmospheric turbulence is critical for the design and operation of
next-generation large-scale wind turbines, particularly those exceeding 15 MW rated capacity
and spanning well above the atmospheric surface layer (typically 10 − 20% of the atmospheric
boundary layer (ABL)). In this study, Large Eddy Simulations (LES) were performed to
investigate turbulence characteristics at high altitudes, up to 300 m above ground level — a
region increasingly relevant for large turbine rotors. Turbulence coherence was analyzed and
compared with field measurements to assess the fidelity of numerical predictions. Coherence
estimates from LES were validated against lidar-based measurements obtained under stable,
neutral, and unstable atmospheric conditions. Results show good agreement in the coherence
decay rates and cross-spectral characteristics, with notable discrepancies only at very low
frequencies (on the order of several 10−4 Hz) and large spatial separations (on the order of
several 102 m). Consequently, a LES-tuned empirical lateral coherence model is proposed,
featuring distinct coherence decay rates for each atmospheric stability regime (stable, neutral,
and unstable ABL), offering improved representation of turbulence structures across a range of
operating conditions. These findings provide a valuable reference for refining turbulence models
for improving load estimation methodologies for next-generation wind turbines operating at
hub heights above 200 m.

I. Nomenclature

𝛾2 = Magnitude squared coherence (-)
Δ𝑦 = Lateral separation (m)
Δ𝑧 = Vertical separation (m)
𝑎𝑦 = Decay parameter for the y direction (-)
𝛽𝑦 = Decay exponent for the y direction (-)
f = Frequency (Hz)
NABL = Neutral atmospheric boundary layer
SABL = Stable atmospheric boundary layer
USABL = Unstable atmospheric boundary layer

II. Introduction

As wind energy development progresses toward larger, more powerful turbines—exceeding 15 MW rated capacity
and reaching rotor heights well above 200 m —the need for accurate characterization of atmospheric turbulence at

high altitudes has become increasingly critical [1]. These large wind turbines operate in regions that extend beyond the
traditional atmospheric surface layer (typically 10− 20% of the atmospheric boundary layer (ABL)), where conventional
turbulence models, originally developed for lower altitudes and suitable for smaller turbines, may no longer suffice [2, 3].

Turbulence impacts wind turbine performance, structural loading, and control strategies, and thus directly influences
the reliability and cost-effectiveness of structures influenced by wind loading [1, 4]. One key aspect of turbulence
relevant to wind turbine design is spatial coherence—the degree to which wind fluctuations are correlated across
different locations in space [5, 6].
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Despite its importance, the modeling of turbulence coherence at altitudes relevant to modern turbines remains a
challenge due to the scarcity of field measurements, specifically at scales relevant for very-large wind turbines and
limitations in existing parametric models. For instance, the measurements in [2, 6, 7, 8, 9] are for altitudes lower than
100 m while 20 MW wind turbine can reach altitudes of 300 m [10]. Even though Large Eddy Simulation (LES) has
emerged as a powerful tool for resolving turbulence structures in the atmospheric boundary layer (ABL), offering a
high-fidelity numerical approach to complement and interpret field observations, a similarly lacking analysis for high
altitudes is evident in numerical simulations. The current wind turbine design standard laid out in the International
Electrotechnical Commission (IEC) [11] document makes use of two spectral methods for wind field generation, the
more physical Mann model [12, 13] and the method hereafter referred to as, the Kaimal model, given by the Kaimal
auto spectrum [14] with the modified [15] Davenport’s exponential coherence model [16]. However, both models are
intended for use in the atmospheric surface layer and not for the intricate atmospheric boundary layer dynamics at higher
altitudes. Furthermore the models are intended for use in neutral atmospheric conditions while offshore environments
are frequently characterized by non-neutral conditions [2, 17, 18]. More specifically, the coherence function given in the
IEC Kaimal model does not model the dependence of coherence decay parameter on separation and does not take into
account change in coherence with altitudes; a dependence which was found necessary [19, 20, 21, 22]. Furthermore, it
does not distinguish between coherence modelling for the different velocity components [1] and also does not distinguish
between coherence for lateral and vertical separations.

This study aims to tackle these limitations and improve the understanding and modeling of atmospheric turbulence
coherence at altitudes up to 300 m. LES is employed to generate turbulence under different atmospheric stability
regimes, and the results are validated against lidar-based field measurements obtained from the Technical University of
Denmark (DTU) [23].

This article focuses on two research questions: (1) How do atmospheric spectral characteristics compare between
LES and field measurements? (2) How can the wind field coherence be modelled in a simple yet representative manner?
Consequently, the novel aspects of this article are: (1) Measurement validated LES of different atmospheric boundary
layers at scales relevant for 20 MW+ wind turbines, (2) Tuned lateral coherence models for the longitudinal and lateral
velocity components in different atmospheric stabilities.

III. Methodology
The two main methods used in this study are high-fidelity numerical simulations using LES and low-fidelity

numerical simulations using coherence models to simulate a wind field.

A. Large eddy simulations
The widely used open-source high-fidelity tool NREL SOWFA ∗ [24] was utilized to generate LES-based precursor

ABL wind fields. NREL SOWFA is a set of computational fluid dynamics (CFD) solvers, boundary conditions, and
turbine models. SOWFA simulates the ABL and is coupled to OpenFOAM [25] and NREL OpenFAST [26]. Below is a
short description of the LES solver, in line with nomenclature from [27].

The spatially filtered, incompressible Navier–Stokes equations to give the resolved-scale (large-eddy scale) dynamics
of fluid flow incorporate the filtered continuity equation 𝜕𝑢̄ 𝑗

𝜕𝑥 𝑗
= 0, where the overbar denotes spatial filtering and

𝑢̄ 𝑗 = 𝑢 𝑗 −𝑢
′
𝑗
is the resolved-scale velocity vector, which is the instantaneous velocity vector, 𝑢 𝑗 , minus the subfilter-scale

(SFS) velocity vector, 𝑢′
𝑗
. The filtered momentum equation is shown in Equation 1.

𝜕𝑢̄𝑖

𝜕𝑡
+ 𝜕

𝜕𝑥 𝑗

(
𝑢̄ 𝑗 𝑢̄𝑖

)
= − 2𝜖𝑖3𝑘Ω3𝑢̄𝑘︸      ︷︷      ︸

I

− 𝜕𝑝

𝜕𝑥𝑖︸︷︷︸
II

− 1
𝜌0

𝜕

𝜕𝑥𝑖
𝑝0 (𝑥, 𝑦)︸             ︷︷             ︸

III

−
𝜕𝜏𝐷

𝑖 𝑗

𝜕𝑥 𝑗︸︷︷︸
IV

+ 𝑔

(
𝜃 − 𝜃0

𝜃0

)
𝛿𝑖3︸           ︷︷           ︸

V

+ 1
𝜌0

𝐹𝑇
𝑖︸︷︷︸

VI

(1)

Term I is the Coriolis force due to planetary rotation, and 𝜖𝑖 𝑗𝑘 is the alternating tensor. The rotation rate vector is given
as, Ω = 𝜔[0, cos(𝜙), sin(𝜙)], where 𝜔 is the planetary rotation rate and 𝜙 is the latitude. Term II is the gradient of the

∗NREL SOWFA-6 was used in this study and is hereafter referred to as NREL SOWFA.

2

D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

Ja
nu

ar
y 

12
, 2

02
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

6-
08

60
 



modified pressure variable. Term III represents the background driving pressure gradient. Term IV is the divergence
of the deviatoric part of the fluid stress tensor which is composed of a viscous and an SFS part. The one equation
eddy-viscosity SFS model from [28, 29] was used. Term V is used to model buoyancy effects using the Boussinesq
approximation. Term VI accounts for other density normalized forces, if relevant, for example, the body force field
exerted in the case of an actuator line turbine model. The equation for the transport of resolved potential temperature is
shown in Equation 2.

𝜕𝜃

𝜕𝑡
+ 𝜕

𝜕𝑥 𝑗

(
𝑢 𝑗𝜃

)
= −

𝜕𝑞 𝑗

𝜕𝑥 𝑗

(2)

Here 𝑞 𝑗 represents the flux of temperature by viscous and SFS effects. The several precursor ABLs were generated within
an empty domain 4.5 km × 3 km × 1 km. The details about the simulation set-up can be found in [30]. Nevertheless, a
short description of the simulation set-up is provided here. The precursors were simulated with offshore conditions
by utilizing a surface roughness of 0.0001 m. To achieve a fully developed ABL, the precursors were simulated for
20000 s for cases with neutral ABL (NABL) and unstable ABL (USABL) and 25000 s for cases with stable ABL [31]
(SABL). This disparity in duration aimed to accommodate more complex development of shear, leading to low-level
jet-like scenarios. The Coriolis parameter was calculated using a latitude of 52.8 deg, representative of the Dutch North
Sea [32]. The measurements later shown in this study are for an offshore site at a latitude of 57.5 deg; however, this is
not considered to be a significant difference. A capping inversion at 500 m was set for all simulations. The reference
potential temperature was set as 300K. Within a 100 m inversion width, the potential temperature was set to vary from
300 K to 305 K. Above the inversion layer, a potential temperature gradient of 0.003 K/m was specified [27]. On the
lower boundary, a temperature flux of −0.02 K-m/s in the altitude direction was applied for the USABL simulations,
while a temperature flux of 0.02 K-m/s was applied for the SABL simulations ([33]). The reader is referred to Figure 3
of [30] for the resulting precursor ABL characteristics. It can be noted that a total of nine different LES precursors were
generated, which correspond to three different wind speed regimes, each in three different atmospheric stabilities.

B. Coherence models
Spatial and temporal scales of motion can be comprehended utilizing space-time correlation and coherence. The

former measures the correspondence of fluctuations at two points over time. The latter is a normalized measure of
the correlation between two signals at a given frequency. Two coherence functions are detailed to lay the ground for
the proposed model in this article. First, the IEC coherence (𝛾2

IEC) function for an arbitrary separation 𝑟 is given in
Equation 3 [6, 34].

𝛾2
IEC (𝑟, 𝑓 ) =

©­«exp ©­«−12

√︄(
𝑓 · 𝑟
𝑉hub

)2
+

(
0.12 · 𝑟
𝐿𝑐,IEC

)2ª®¬ª®¬
2

(3)

where 𝑓 is the frequency in Hz, 𝑟 represents the length of the projection of the vector that separates the two points
onto a plane that is perpendicular to the average direction of the wind, 𝐿𝑐 is the coherence scale parameter given as
8.1Λ1 [34], where Λ1 = 42 m is the longitudinal turbulence scale parameter, for wind load analysis of wind turbines
with hub heights ≥ 60 m, and 𝑉ℎ𝑢𝑏 is the velocity at the hub height. It can be noted that the IEC coherence function
has the following drawbacks— (1) it does not distinguish between lateral and vertical separations given the use of an
arbitrary distance r in Equation 3; (2) it does not have a different formulation for different velocity components; (3) it
does not distibuish between different atmospheric stabilities; (4) it uses a constant decay parameter and exponent for any
separation, 12 and 2, respectively, as seen in Equation 3.

A second coherence function, the Shiotani and Iwatani (1979) coherence function [35] for vertical (𝑧) and lateral (𝑦)
directions, hereafter referred to as SHIW model is shown in Equation 4.

𝛾2
𝑧 = exp

(
−𝑎𝑧 𝑓

Δ𝑧

𝑉

)
, 𝛾2

𝑦 = exp
(
−𝑎𝑦 𝑓

Δ𝑦

𝑉

)
,

𝑎𝑧 = 12 + 11
Δ𝑧

𝑧
, 𝑎𝑦 = 28

(
Δ𝑦

𝑧

)0.45 (4)

From Equation 4, it can be realized that the SHIW coherence model tackles the drawback (1) listed above for the IEC
coherence function, partly tackles the drawback (4) in the sense that the decay parameters are a function of separation
and altitude but the decay exponent is not present, and lastly it does not tackle the drawback (3). An additional drawback
associated with the SHIW coherence model is that it leads to unity coherence at zero frequency. However, [36] state that
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the coherence does not actually equal unity since the measurement points are separated by a distance that is not small
compared to the turbulence length scales.

With the drawbacks of the existing coherence models elaborated, the proposed coherence model is detailed in
Equation 6 and Table 2. The comparison of the proposed model with measurements and LES is detailed in section V.
Firstly, a mathematical formulation of coherence was employed to estimate the wind field coherence in the measurement-
validated LES datasets used in this study for the proposed coherence model. The co-coherence, quad-coherence, and
root-coherence were computed (Equation 5, where f is the frequency). These refer to the real part, imaginary part, and
amplitude of a two-point cross-spectrum, respectively, normalized by the product of power spectra for each point [36].

𝛾 =
Re

[
𝑆𝑥𝑦 ( 𝑓 )

]√︁
𝑆𝑥𝑥 ( 𝑓 )𝑆𝑦𝑦 ( 𝑓 )︸               ︷︷               ︸

co-coherence

+
Im

[
𝑆𝑥𝑦 ( 𝑓 )

]√︁
𝑆𝑥𝑥 ( 𝑓 )𝑆𝑦𝑦 ( 𝑓 )︸               ︷︷               ︸
quad-coherence

(5)

The magnitude-squared coherence was then used for modelling purposes of 𝛾2. All estimates of coherence are provided
using the Welch method [37] with seven segments, 50% overlap, and a Hann window function. A simple moving
average filter, applied over five points, smoothed the resulting co-coherence estimates. The proposed coherence model
is illustrated in Equation 6. To address the drawback (1), two different formulations are employed, inspired by the SHIW
coherence function.

𝛾2
𝑧 = exp

(
−𝑎𝑧

((
𝑓
Δ𝑧

𝑉

)𝛽𝑧
+

(
0.05

Δ𝑧

𝐿𝑐,𝐼𝐸𝐶

)𝛽𝑧 ))
, 𝛾2

𝑦 = exp

(
−𝑎𝑦

((
𝑓
Δ𝑦

𝑉

)𝛽𝑦

+
(
0.05

Δ𝑦

𝐿𝑐,𝐼𝐸𝐶

)𝛽𝑦

))
(6)

However, this article focuses exclusively on lateral coherence. This decision is based on the fact that measurements
are only available for lateral separations. As a result, the lateral coherence estimates from the LES data sets could
be directly validated against the measurements, whereas such validation was not possible for vertical coherence.
Consequently, the authors refrain from modeling vertical coherence in the absence of supporting data. Next, to tackle
drawback (2), the proposed model uses different decay parameters (𝑎) and the decay exponent (𝛽) for different velocity
components. Thirdly, drawback (3) is tackled by obtaining the fit parameters individually for each atmospheric stability
regime. Lastly, drawback (4) is addressed by incorporating the decay exponent (𝛽) into the function. It can also be noted
that the non-unity coherence at zero frequency is incorporated by employing the additional term (here, 0.05Δ𝑧/𝐿𝑐,𝐼𝐸𝐶 ,
and 0.05Δ𝑦/𝐿𝑐,𝐼𝐸𝐶 ) inspired from the IEC coherence function.

The model parameters were obtained by conducting a global optimization of the parameters on the LES datasets. It
is worth noting that previous literature aims to provide more physical insights into the model parameters by conducting
local optimization and fitting the decay parameter as a function of a physical variable. However, it can be seen that such
a method came at the expense of incorrect physical dimensions as seen in the proposed model of [38]. Furthermore,
it can also be noted that although the SHIW model provides a fit of the model parameters to separation and altitude
(Equation 4), the underlying fit can be seen as non-optimal for most of the data points in their study (Figure 9.4 of [35]).

Hence, here, the model was fit on a subset of the LES coherence dataset using the global optimization approach (as a
local optimization was indeed found not to yield a meaningful fit of the decay parameters with a physical variable). Only
the coherence estimates at separations of 20 m, 60 m, and 160 m were used, to prevent overfitting, but at all altitudes
between 45 m and 300 m in intervals of 20 m were used. The model was then tested against a wider range of separations
discussed in section IV.

The global optimization was conducted using the loss function defined in Equation 7, which was applied separately
to the different atmospheric stability regimes, the streamwise 𝑢 component, and the cross-stream 𝑣 component.

L(𝑎𝑦 , 𝛽𝑦) =
𝑁∑︁
𝑖=1

𝑤𝑖

[
exp

(
−𝑎𝑦

((
𝑓𝑖
Δ𝑦𝑖

𝑉𝑖

)𝛽𝑦

+
(
0.05

Δ𝑦𝑖

𝐿𝑐,𝐼𝐸𝐶

)𝛽𝑦

))
− 𝛾

2,obs
𝑖

]2

(7)

The loss function described in Equation 7 globally minimizes the error between the proposed model and the coherence
corresponding to the LES datasets. A simple weighting function 𝑤 = 1/(1+ 𝑓 ) was used to incorporate more weighting
to the low-frequency regime. The optimization was conducted using the MATLAB function fmincon. The model
parameters obtained as a result of the global optimization separately for each atmospheric stability regime, wind
component, and lateral and vertical separation are provided later in Table 2.
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IV. Validation of LES coherence estimations against measurements
The nine distinct LES precursors were post-processed to evaluate the estimates of lateral coherence with the

methods described in subsection III.B. The measurement data had a total of 50 different combinations of lateral
separation, wind speed conditions, measurement height, and atmospheric stability. The samples that matched the
corresponding conditions in the present LES data sets were used for validation; a subset of which is presented here. The
measurement-based lateral coherence of the 𝑢 component (𝛾2

𝑢𝑢,lat) and the 𝑣 component (𝛾2
𝑣𝑣,lat) is compared with the

LES counterpart, and the IEC Kaimal model-based coherence is overlayed to emphasize the motivation behind this
study. The measurements [23] were binned for atmospheric stability in accordance with Figure 6 of [2]. The extracted
measurements for coherence model development were for the bins of neutral, stable and unstable ABL. The bins were
−0.1 ≤ 𝜁 ≤ 0.1 for NABL, 0.3 < 𝜁 ≤ 1 for SABL, and −1 ≤ 𝜁 < −0.3 for USABL; where 𝜁 = 𝑧𝑖/𝐿𝑚−𝑜 with 𝑧𝑖 being
the inversion layer height and 𝐿𝑚−𝑜 the Monin-Obukhov length [39].

First, a comparison for the neutral ABL is provided in Figure 1.

(a) Points separated by 114 m at an alti-
tude of 169 m.

(b) Points separated by 114 m at an alti-
tude of 287 m.

(c) Points separated by 180 m at an alti-
tude of 162 m.

(d) Points separated by 180 m at an alti-
tude of 272 m.

Fig. 1 A comparison of the lateral coherence for the 𝑢 (blue) and 𝑣 (red) components based on measurements
(solid lines), LES simulations (dashed lines), and the IEC coherence model (black dashed line) in a NABL.

A first observation that can be made in Figure 1 is that there is an evident difference in 𝛾2
𝑢𝑢,lat and 𝛾2

𝑣𝑣,lat in both the
measurements and the LES datasets. This is not captured by the IEC model, thus not allowing for the capture of the flow
physics accurately. It may also be noted that the 𝛾2

LES estimates compare well in majority of the frequency range, more
so for the 𝑢 component than for the 𝑣 component. However, discrepancies exist for the low-frequency regime; this is
attributed to the absence of meso-scale forcing in the current LES set-up and the short interval of the data set used for
coherence estimates, which was 1000 s thus allowing at most one turnover of an eddy with a frequency of 10−3 Hz. This
can also be the reason for the poor correspondence at very high altitude of 272 m in Figure 1(d).
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(a) Points separated by 114 m at an alti-
tude of 169 m.

(b) Points separated by 180 m at an alti-
tude of 162 m.

(c) Points separated by 224 m at an alti-
tude of 159 m.

Fig. 2 A comparison of the lateral coherence for the 𝑢 (blue) and 𝑣 (red) components based on measurements
(solid lines), LES simulations (dashed lines), and the IEC coherence model (black dashed line) in a SABL.

Next, in Figure 2, the coherence comparison is provided for the stable ABL. Here, as expected, the correspondence of
the IEC coherence to measurements is worse than for the neutral ABL. However, the LES coherence estimates compare
well with the measurements through the different altitudes and separations of even up to 224 m, which corresponds to
0.9 D separation for a 20 MW wind turbine of 252 m rotor diameter [10].

(a) Points separated by 114 m at an alti-
tude of 287 m.

(b) Points separated by 150 m at an alti-
tude of 287 m.

(c) Points separated by 180 m at an alti-
tude of 270 m.

(d) Points separated by 200 m at an alti-
tude of 258 m.

Fig. 3 A comparison of the lateral coherence for the 𝑢 (blue) and 𝑣 (red) components based on measurements
(solid lines), LES simulations (dashed lines), and the IEC coherence model (black dashed line) in an USABL.

Lastly, the coherence estimates are compared for the unstable ABL in Figure 3. Here, once again, a poor match is
seen for the IEC model which is intended for use in a neutral ABL. The LES coherence estimates compare well with the
measurements for high altitudes and separations up to 287 m and 250 m, respectively. An underestimation is seen for
very large separations in Figure 3(c) and Figure 3(d) at very low frequencies (≤ 0.005 Hz).
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V. Evaluation of proposed coherence model against measurements
The proposed coherence model and the methodology to develop it were discussed in subsection III.B and the model

was defined by Equation 6. The fitted coherence decay parameter (𝑎𝑦) and exponent (𝛽𝑦) obtained after the global
optimization are shown in Table 2.

Atmospheric stability
𝑎𝑦 𝛽𝑦

𝑢 component 𝑣 component 𝑢 component 𝑣 component
NABL 35 9 1.16 1
SABL 8 8 0.81 0.88

USABL 39 11 1.36 1.24
Table 2 Proposed lateral coherence model fit parameters for the 𝑢 and 𝑣 component.

As intuitively expected, the lateral coherence model decay parameters (𝑎𝑦) are the smallest for the stable ABL and
highest for the unstable ABL. This is attributed to the more frequent horizontal wave-like structures in a stable ABL [40,
41, 30] while vertically stretched eddies in an unstable ABL and diagonally stretched eddies in a neutral ABL [42, 30].
The similar decay exponents (𝛽𝑦) for the 𝑢 and 𝑣 components in the respective ABL, suggest that their coherence decays
with frequency (shape of the coherence decay curve) in a comparable manner, reflecting the expected analogous spectral
behavior in turbulence across both wind components.

To test the robustness of the model, the resulting coherence estimates are compared against the measurements, rather
than with the LES dataset used to tune the model parameters. Similar to section IV, the estimates of 𝛾2

𝑢𝑢,lat and 𝛾2
𝑣𝑣,lat

in the measurement samples are compared with the LES counterpart and the IEC model estimate is overlayed. In
Figure 4 the 𝛾2

𝑢𝑢,lat is shown for the neutral ABL at various separations and altitudes exactly as in section IV. A notable
improvement is seen for the 𝛾2

𝑢𝑢,lat, model at lower frequencies in comparison to 𝛾2
𝑢𝑢,lat,IEC. Given the neural ABL, for the

≥ 0.005 Hz regime, the proposed model performs similarly to the IEC model estimates for the 𝑢 component.

(a) Points separated by 114 m at an
altitude of 169 m.

(b) Points separated by 114 m at an
altitude of 287 m.

(c) Points separated by 180 m at an
altitude of 162 m.

(d) Points separated by 180 m at an
altitude of 272 m.

Fig. 4 A comparison of the lateral coherence for the 𝑢 component based on measurements (solid blue line), the
IEC coherence model (black dashed line) and the proposed coherence model (red dashed line) in a NABL.
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(a) Points separated by 114 m at an alti-
tude of 169 m.

(b) Points separated by 180 m at an alti-
tude of 162 m.

(c) Points separated by 224 m at an alti-
tude of 159 m.

Fig. 5 A comparison of the lateral coherence for the 𝑢 component based on measurements (solid blue line), the
IEC coherence model (black dashed line) and the proposed coherence model (red dashed line) in a SABL.

Figure 5 presents the scenario of a stable ABL. Here, it can be seen that 𝛾2
𝑢𝑢,lat, LES corresponds well to the

measurements unlike 𝛾2
𝑢𝑢,lat, IEC, at all ranges of frequencies. Lastly, the 𝛾2

𝑢𝑢,lat, model is compared to the measurements
and 𝛾2

𝑢𝑢,lat, IEC for an unstable ABL in Figure 6. The proposed model once again provides improvement in coherence
estimates for the lower frequency regime and it can be observed that for the ≥ 0.01 Hz, the model performs similar to
the IEC model estimates for the 𝑢 component.

(a) Points separated by 114 m at an alti-
tude of 287 m.

(b) Points separated by 150 m at an alti-
tude of 287 m.

(c) Points separated by 180 m at an alti-
tude of 270 m.

(d) Points separated by 200 m at an alti-
tude of 258 m.

Fig. 6 A comparison of the lateral coherence for the 𝑢 component based on measurements (solid blue line), the
IEC coherence model (black dashed line) and the proposed coherence model (red dashed line) in an USABL.

Similar to the above comparison, the estimates of 𝛾2
𝑣𝑣,lat, IEC are provided for the 𝑣 component in a neutral ABL

(Figure 7), stable ABL (Figure 8), and an unstable ABL (Figure 9). A remarkable improvement is seen with the
𝛾2
𝑣𝑣,lat, model estimates throughout the different stability regimes, separations and altitudes, in a wide range of frequencies.

Upon using the IEC model for the 𝑣 component, it is evident that it leads a significant underestimation in comparison
to the measurements and the proposed coherence model. The accurate modelling of the 𝑣 component coherence is
important for wake meandering studies but less critical for wind turbine loads [43, 44, 45, 4].
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(a) Points separated by 114 m at an alti-
tude of 169 m.

(b) Points separated by 114 m at an alti-
tude of 287 m.

(c) Points separated by 180 m at an alti-
tude of 162 m.

(d) Points separated by 180 m at an alti-
tude of 272 m.

Fig. 7 A comparison of the lateral coherence for the 𝑣 component based on measurements (solid blue line), the
IEC coherence model (black dashed line) and the proposed coherence model (red dashed line) in a NABL.

(a) Points separated by 114 m at an alti-
tude of 169 m.

(b) Points separated by 180 m at an alti-
tude of 162 m.

(c) Points separated by 224 m at an alti-
tude of 159 m.

Fig. 8 A comparison of the lateral coherence for the 𝑣 component based on measurements (solid blue line), the
IEC coherence model (black dashed line) and the proposed coherence model (red dashed line) in a SABL.
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(a) Points separated by 114 m at an alti-
tude of 287 m.

(b) Points separated by 150 m at an alti-
tude of 287 m.

(c) Points separated by 180 m at an alti-
tude of 270 m.

(d) Points separated by 200 m at an alti-
tude of 258 m.

Fig. 9 A comparison of the lateral coherence for the 𝑣 component based on measurements (solid blue line), the
IEC coherence model (black dashed line) and the proposed coherence model (red dashed line) in an USABL.

VI. Conclusions
This study focused on modeling the lateral coherence of atmospheric turbulence across a range of atmospheric

stability regimes. Large-eddy simulations (LES) were conducted and validated using measurement data from [23],
targeting spatial and temporal scales relevant to 20 MW+ wind turbines. The spectral characteristics of the atmospheric
boundary layer (ABL) were examined up to altitudes of 300 m, capturing the intricate dynamics of the ABL above the
surface layer. A total of nine distinct LES cases were evaluated against measurements, with a specific focus on the
coherence of the longitudinal (𝑢) and lateral (𝑣) wind velocity components at altitudes representative of utility-scale wind
turbine rotors, and for lateral separations of up to 250 m. Consequently, a new coherence model is proposed (Equation 6)
that utilizes a decay parameter and an additional decay exponent, which differ for neutral, stable, and unstable ABLs
(Table 2). The model was calibrated on a subset of the LES datasets and then validated with measurements. A noticeable
improvement was observed in the match with measurements compared to the current IEC Kaimal coherence model.
The current model has a similar computational expense to the IEC Kaimal coherence model and allows for capturing
more physics of the ABL. Future work will involve testing the proposed coherence model in aeroelastic simulations and
comparing the results with those of the LES counterpart. Future work will also involve expanding the model for vertical
coherence capability by accessing a similar measurement campaign at high altitudes, up to 300 m.
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