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Abstract. Modern, taller, wind turbines can now interact with the geostrophic layers of the atmosphere, triggering the formation

of gravity waves. However, there remains limited understanding of how these waves interact with flows at the turbine scale.

Using Large Eddy Simulations (LES) of a wind turbine represented by an actuator line model, the impact of turbine generated

gravity waves on the wake dynamics, blade loading and power production was investigated. The waves were found to induce

a sinusoidal variation in wake width in both the vertical and horizontal directions. Wake recovery was observed to be non-5

monotonic, with an inverse relationship between the peaks and troughs in velocity deficit and the waves aloft. An evaluation

of the turbulent and mean energy budget terms of the turbine wake showed the gravity waves had relatively little impact on the

instantaneous flow. The effect of turbine lateral spacing was also investigated by varying the domain width. The strength of

the waves triggered, and consequently the wave induced wake variations, was found to be negatively correlated with the lateral

spacing. Furthermore, a wave-induced upstream deceleration was observed in all cases. The magnitude of the deceleration10

decreased with wave strength, with both the wave strength and deceleration asymptotically approaching non-zero values as

lateral spacing increased. The simulations in this work demonstrate that waves can be initiated despite only modelling one

turbine, offering a lower computational cost methodology for investigating gravity waves. This approach also suggests that

relatively small clusters of turbines may be capable of triggering gravity waves, rather than just the large wind farms of 100+

turbines which have been commonly the focus of previous gravity wave research. Finally, simulations with turbulent and15

uniform inflows showed good agreement in the gravity waves produced and the resulting wave-induced flow variations. The

consistency between the inflow cases, further supports the gravity waves and their impacts being relatively independent of the

instantaneous variations in the turbine-scale flow field.

1 Introduction

With the growth of offshore wind farms in both turbine number and size, the farms are now interacting significantly with meso-20

scale atmospheric flows (Porté-Agel et al., 2020; Veers et al., 2022; Stevens and Meneveau, 2017). Therefore, understanding

the impact of meso-scale phenomena such as Atmospheric Gravity Waves (AGWs) on turbine and farm aerodynamics is

increasingly important. AGWs are triggered by the vertical displacement of thermally stratified air, which induces a restoring

buoyancy force. The wave forms and propagates through the interaction between the inertia of the displaced air parcel and the

buoyancy forcing (Nappo, 2012). Whilst these waves do propagate in time and space through a Lagrangian frame of reference,25

they appear stationary to an Eulerian observer. The initial perturbation which triggers the waves can be caused by a resistance
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to the flow, such as a mountain range or tree canopy (Wallace and Hobbs, 2006). Smith (2010) predicted, through analytical

models, that sufficiently large wind farms could also present the necessary level of resistance to the flow, deflecting the flow

upstream of the farm vertically and subsequently triggering gravity waves. This scenario has been further explored by several

authors using Large Eddy Simulations (LES) to investigate offshore wind farm performance under AGW conditions (Allaerts30

and Meyers, 2017; Lanzilao and Meyers, 2022; Stipa et al., 2024b; Maas, 2023a; Wu and Porté-Agel, 2017).
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Figure 1. The Conventionally Neutral Boundary Layer (CNBL) velocity and corresponding temperature profiles with a comparison to typical

wind turbine dimensions.

The atmospheric boundary layer in the North Sea can often be classed as a Conventionally Neutral Boundary Layer (CNBL)

(Allaerts and Meyers, 2015; Lanzilao and Meyers, 2024). The CNBL consists of velocity and temperature profiles as indicated

in Fig. 1 (Stull, 2015). The CNBL consists of three key regions: the boundary layer, which is characterised by a turbulent flow

with a sheared profile and a uniform temperature profile; the inversion layer, where temperature increases with height; and the35

geostrophic layer, which is characterised by homogenous flow and a temperature gradient an order of magnitude weaker than

that of the inversion layer (Lanzilao and Meyers, 2024). The maximum height of a typical 15MW turbine is much closer to the

inversion layer than older 5MW ones, making perturbations to the inversion layer more likely (Jonkman et al., 2009; Gaertner

et al., 2020).

Previous simulations investigating AGWs have employed these CNBL inflow profiles together with either 5MW or 10MW40

turbines (Allaerts and Meyers, 2017; Lanzilao and Meyers, 2022; Stipa et al., 2024b; Maas, 2023a; Wu and Porté-Agel, 2017).

In simulations there are a wide range of spatial scales to resolve, from rotors with diameters of 100 to 250m, to gravity waves

with typical wavelengths of 2 to 10 km, and wind farms spanning 10 to 20 km. Capturing the full range of scales would make

the computational expense of the LES prohibitive. Therefore, the existing literature has primarily focussed on the interactions

between AGWs and flow at the farm scale.45
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The LES simulations of Allaerts and Meyers (2017) showed that farms under CNBL conditions could trigger both a trapped

wave propagating horizontally in the inversion layer and an internal wave propagating through the geostrophic layer. Despite

propagating only in the stratified geostrophic layers, the waves were observed to influence the pressure field surrounding the

entire farm, impacting farm-scale flows within the boundary layer.

A key result of the AGW-induced modifications to the pressure field was flow deceleration in the boundary layer upstream50

of the farm. Upstream deceleration of flow has also been observed in simulations for wind farms under neutral conditions and

confirmed with field and experimental measurements (Strickland and Stevens, 2022; Bleeg et al., 2018). The flow approaching

the farm decelerates due to the resistance presented by the turbines, with flow being diverted laterally around and above

the farm. This is sometimes referred to as the farm or global blockage effect in the literature, although it is noted that the

concept of blockage has also been used to describe the geometric ratio of turbine swept area to surrounding flow passage55

area, for example in a wind tunnel or confined flow. In the AGW cases, the upstream deceleration impact on the first row

power production, relative to a rotor in isolation, was observed to be more than 15 times that observed for farms under neutral

flows (Wu and Porté-Agel, 2017; Lanzilao and Meyers, 2024). Thus, in AGW cases the deceleration observed has often been

termed a wave-induced global blockage effect. However, as both the AGW and wave-free simulations reported in the literature

experience farm blockage, it remains unclear whether AGWs simply magnify the farm deceleration mechanism seen in the60

wave-free cases, or whether the waves are a separate mechanism that further compounds the observed upstream deceleration

as suggested by Lanzilao and Meyers (2024).

In addition to the impact of AGWs on the front row of a wind farm, it has been shown that AGWs can influence the flow

experienced by turbines at the farm outlet (Wu and Porté-Agel, 2017; Lanzilao and Meyers, 2024). In some AGW simulations,

the final farm rows outperformed rows in the middle of the farm, contrary to the typical pattern of farm power production.65

Differences in farm wake length have also been observed between AGW and wave-free cases. Allaerts and Meyers (2017)

performed an energy budget analysis on the farm scale to evaluate the AGW mechanism leading to the observed pattern

in turbine performance. The budget analysis demonstrated that the energy lost in the boundary layer, leading to the upstream

deceleration, was contained within the AGW’s pressure field and partially redistributed at the farm outlet. Their work illustrated

the importance of resolving AGWs for accurate power predictions, as deep into farms turbine performance is often governed70

by the vertical kinetic energy flux from the upper atmosphere rather than the boundary layer flow field (Stevens and Meneveau,

2017).

Lanzilao and Meyers (2024) extensively investigated the relationship between the CNBL thermal parameters and the AGWs

that are triggered. The strength of the AGWs was quantified through the extent of the inversion layer displacement and the

amplitude of the perturbations to the geostrophic layer flow fields amongst other factors. Lanzilao and Meyers (2024) showed75

that the geostrophic stratification (Γ), inversion layer strength (∆θ) and inversion layer height (H) all impacted the strength of

the triggered waves. This work among others (Stipa et al., 2024b; Maas, 2023a) used a farm of a finite size and by doing so

demonstrated that the AGW effects and trends observed in the original LES simulations of Allaerts and Meyers (2017), where

a farm with infinite width had been used, were still valid (Allaerts and Meyers, 2017).
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Previous studies have demonstrated that gravity waves can have a significant influence on both farm power production and80

the flow profile around the farm. However, the use of low-fidelity actuator disk models for turbine representation on coarse

meshes (20 to 30m resolution) limited the analysis to only the farm scale (Allaerts and Meyers, 2017; Stipa et al., 2024b;

Lanzilao and Meyers, 2024; Maas, 2023b). Actuator disks do not capture blade-induced coherent wake structures such as

tip vortices, and can under-predict wake turbulence intensity and velocity deficits (Rafferty and Vogel, 2026; Revaz and Porté-

Agel, 2021; Wu and Porté-Agel, 2011; Li et al., 2022). Consequently, the ability of simulations using the actuator disk model to85

accurately predict the flow at the turbine-scale, can be limited. Furthermore, the work in the literature has only used farms with

one spacing distance between turbines and regular farm shapes, limiting the understanding of how intra-farm flow dynamics

impact the AGWs (Allaerts and Meyers, 2017; Stipa et al., 2024b; Lanzilao and Meyers, 2024; Maas, 2023b).

As previously mentioned, the primary reason limiting the analysis to only evaluating the farm scale flows, is the high

computational costs of such simulations. Along with a wide range of spatial scales to resolve, the simulations have to model90

100+ turbines in domains of 10s of kilometres in size as to accommodate the farm, its wake and to fully resolve the gravity

waves. However, given the simulations of infinitely wide farms effectively captured AGW interactions, it calls into question

whether the finite farm simulations of 100+ turbines, and their associated computational costs, are necessary for evaluating

the underlying physics behind the AGWs and their impacts. Furthermore, in cases with an infinite farm width there was an

over prediction of AGW impacts due to the absence of a lateral bypass around the farm (Allaerts and Meyers, 2017; Wu and95

Porté-Agel, 2017; Lanzilao and Meyers, 2024). This exaggeration of AGW characteristics may in fact be useful for isolating

AGW-induced phenomena from the many other factors in atmospheric flows such as the Coriolis force, turbulence and sheared

profiles.

It is important to understand how atmospheric phenomena influence flow across different spatial scales, as the inclusion

of more realistic atmospheric inflows which have turbulence, sheared profiles and thermal stratification have been previously100

shown to significantly impact the turbine scale flow (Abkar and Porté-Agel, 2015; Wu and Porté-Agel, 2012). In particular,

wake recovery, meandering and blade loading have all been found to be sensitive to atmospheric parameters (Porté-Agel

et al., 2020). It is therefore hypothesised that AGWs could impact upon turbine scale flows as well. This hypothesis is further

supported by the AGW length scale being of similar magnitude to the wake length of a large rotor. Consequently, a better

understanding of the underlying physics of the waves is needed, through computationally feasible simulations, that determine105

whether, and by what mechanisms, AGWs impact the turbine scale.

By simulating a turbine with a higher fidelity Actuator Line (AL) model to capture discrete blade effects and varying the

lateral turbine spacing, this work aims to build on the literature in evaluating three key areas. First, determining if AGWs impact

the flow on the turbine scale, with a particular focus on how the wake dynamics are altered. Second, evaluating the nature of

the AGW-induced upstream deceleration to determine if it is independent of the farm blockage effect. Finally, assessing the110

role of lateral turbine spacing in impacting how AGWs are triggered and subsequently affect the rotor dynamics. Assessing

different lateral spacings will also identify if intra-farm design could alter AGW interactions and to what extent the two are

correlated.
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2 Methodology

To answer the posed research questions, this study simulated a wind turbine under CNBL conditions using the precursor-115

successor method as shown in Fig. 2. The method develops a turbulent stratified offshore boundary layer flow in an empty

domain, the precursor. The precursor flow field subsequently becomes the inflow conditions to a second domain, the successor,

which contains the wind turbine being simulated.

SuccessorPrecursor

Figure 2. An illustration of the overall simulation methodology. A precursor domain with cyclic conditions on the left hand side generates

the flow field for the successor on the right hand side. The successor contains a wind turbine which has been illustrated.

The open source National Laboratory of the Rockies (NLR, formerly NREL) solver Simulator fOr Wind Farm Applications

(SOWFA) 6 was chosen for these LES simulations. SOWFA-6 is the updated version of SOWFA, which has previously been120

used extensively in the literature (Churchfield et al., 2012; Fleming et al., 2014; Ning et al., 2021; Doubrawa et al., 2019;

Scott et al., 2023). SOWFA-6 was directly used with the open source Computational Fluid Dynamics (CFD) code OpenFOAM

v2012. Comparisons of SOWFA-6 with other codes such as AMR-Wind have been made in the literature and they show strong

agreement in the CNBL flows produced (Dammann et al., 2025). The repository for SOWFA-6 can be found at NLR (2022)

and will hereafter be referred to as SOWFA. The details of this flow solver and the associated simulation setup for both the125

precursor and successor are covered in the following sections.

2.1 Governing Equations

The spatially filtered Navier Stokes equations for mass conservation, momentum transport and potential temperature transport

solved by SOWFA are given by Equations 1, 2 and 3 respectively:

∂ũi

∂xi
= 0 (1)130

∂ũi

∂t
+

∂

∂xj
(ũj ũi) =−2εi3kΩ3ũk −

∂p′

∂xi
− ∂

∂xi
⟨p0(x,y)

ρ0
⟩− ∂

∂xj

(
τDij

)
− g3z

∂

∂xi

(
ρb
ρ0

)
+Fi (2)

∂θ̃

∂t
+

∂

∂xj

(
ũj θ̃

)
=− ∂

∂xj
(qj) (3)
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where the time averaged velocity and temperature are given by ū and θ̄. The tilde (˜) indicates a spatially filtered quantity. The135

term εijk is the Levi-Civita symbol and ⟨⟩ denotes a horizontal average. The terms p, t, ρ and g are the pressure, time, density

and gravitational acceleration respectively. Notably the 3rd, 7th and 8th terms in Eq. 2 are additional to the standard PIMPLE

solver momentum transport equation. The 3rd term represents the Coriolis force to account for planetary rotation, where Ω is

the rotation rate of the Earth. The 7th term represents the buoyancy forcing, where ρ0 is the reference density. The 7th term

couples the momentum and temperature transport equations utilising the Boussinesq approximation:140

ρb
ρ0

= 1− θ̃− θ0
θ0

(4)

where θ0 is a reference temperature. Finally, the 8th term represents additional forcing from damping regions and the wind

turbine.

In SOWFA the pressure is split into its fluctuating or modified pressure given by Eq. 5 and the averaged component or

background driving pressure gradient ∂
∂xi

⟨p0(x,y)
ρ0

⟩. As part of the fluid stress tensor (τij) is implicitly included in the modified145

pressure shown in Eq. 5, the fourth term in the momentum equation becomes just the divergence of the deviatoric stress tensor.

p′ =
p̃

ρ0
− ρb

ρ0
gjxj −⟨p0(x,y)

ρ0
⟩+ δij

τkk
3

(5)

The background driving pressure gradient is not solved for in SOWFA and is instead adjusted in the precursor at each time

step so that a specified horizontal wind speed and direction at the turbine hub height can be achieved. In the successor this

background pressure term is set based on the value at the equivalent time step of the precursor.150

For the sub-grid scale turbulence modelling, the standard OpenFOAM Smagorinsky model was used with van Driest near

wall damping. This damping along with a 10 m vertical cell resolution, as suggested by NLR, was chosen to capture the law of

the wall scaling. The exact best practice for treating near-wall flow, however, is dependent on multiple factors such as the mesh

and solver, making it an open discussion in the literature which goes beyond the scope of this work (Brasseur and Wei, 2010;

Porté-Agel et al., 2000; Khanna and Brasseur, 1997).155

For the temporal scheme a second order implicit backward scheme was used and for the spatial domain a second order central

difference scheme was used. These governing equations and assumptions are widely used for simulating wind farms in CNBL

flows; further information on them can be found in the literature for SOWFA (Churchfield et al., 2012) and more generally in

the literature on pressure handling (Deardorff, 1972; Moeng, 1984), the Coriolis force (Lanzilao and Meyers, 2024; Wyngaard,

2010) and the Boussinesq approximation (Maas, 2023a; Spiegel and Veronis, 1960).160

2.2 Boundary Conditions

The boundary conditions used in this work are the standard ones implemented in SOWFA simulations for CNBL flows and

will be briefly discussed, for further information see Churchfield et al. (2012).
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2.2.1 Precursor

For the precursor, cyclic conditions were used for the lateral and streamwise boundaries so as to efficiently develop the flow.165

For the lower and upper boundaries shear stress, temperature, velocity and pressure conditions were implemented.

A zero stress condition was implemented on the upper boundary. On the lower boundary, a wall shear stress was implemented

to simulate a sea surface-air interaction. For this, the Schumann wall model was used with the velocity being sampled from the

cell centre next to the wall and the magnitude of the vertical flux of horizontal momentum, u2
∗, estimated using Monin-Obukhov

similarity theory. This wall-stress modelling methodology is widely employed throughout the literature (Wu and Porté-Agel,170

2017; Allaerts and Meyers, 2015; Lanzilao and Meyers, 2024).

For the velocity, a slip condition was applied at the upper boundary. At the lower boundary, the normal velocity was set to

zero to enforce a no penetration condition, while the horizontal velocity was set such that the normal velocity gradient at the

first cell centre was equal to that at the top of the first cell. The velocity of the first cell thereby provides a meaningful input to

the sub-grid scale model.175

For temperature, the upper boundary was set such that the gradient was equivalent to the thermal stratification of the

geostrophic layer and for the lower boundary the temperature gradient was set to zero. Finally, fixed-flux pressure conditions

were applied on the lower and upper boundaries to ensure consistency with the velocity conditions.

2.2.2 Successor

In the successor, the same boundary conditions were used as the precursor except in the streamwise direction. For the successor,180

the inflow boundary for velocity and temperature was set using a plane sampled from the precursor. For the outlet, an inlet-

outlet condition was used for velocity and zero gradient condition for temperature to minimise AGW reflections. For pressure

a fixed-flux pressure condition was used for the inlet and a zero gradient condition for the outlet. As the successor used cyclic

lateral boundaries, the simulations replicate the middle wind turbine in an infinitely wide row with a lateral spacing equivalent

to the domain width.185

2.2.3 SOWFA Methodology Modifications

Whilst the standard precursor-successor method for SOWFA simulations was used, two additions were made to the solver.

First, the precursor was altered to remove geostrophic inertial oscillations. These temporal oscillations, which were found to

have a magnitude of up to 3ms−1, cause two issues for gravity wave simulations. First, they prevent the accurate calibration of

the damping layers needed in an AGW simulation and second, as a result of the geostrophic velocity variation, the wavelength190

of the gravity waves becomes variable in the successor. The oscillations occur because the precursor is driven using a pressure

gradient calibrated to a hub height velocity, so the geostrophic wind speed is not known a priori. Thus, a mismatch between

the initialised and actual equilibrium geostrophic conditions leads to inertial oscillations in the geostrophic wind speed, as the

momentum balance in the geostrophic layer takes the form of a classical linear undamped oscillator (Stipa et al., 2024b; Stull,
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2015). Although the oscillations can be a result of realistic planetary conditions, the oscillations here are artificially generated195

and therefore had to be removed.

Removal of the oscillations was done through the geostrophic damping method, developed by Stipa et al. (2024b), with the

damping implemented only for part of the spin-up stage in precursor simulations. To aid with minimising the oscillations, the

prescription of the initial conditions was also improved through implementing the methodology to predict the wind profile and

geostrophic wind speed developed by Narasimhan et al. (2024). In keeping with the standard SOWFA setup, perturbations200

were still added in the near-wall velocity profile to promote faster turbulence initiation.

The second change to SOWFA was made to ensure the precursor created a flow which consistently had the desired tempera-

ture profile. With the precursor simulation being run for over 24 hours the temperature profile inevitably can evolve over time

from the desired initial conditions. Therefore, the temperature controller developed by Stipa et al. (2024b), was also imple-

mented for the precursor. The controller maintains a set temperature profile, therefore, allowing for both fair comparisons to205

be made within this work between simulations with varying setup and results from other codes or simulations in the literature.

2.3 Domain Setup

The domain size is defined by its length, width and height which in this work correspond to the x, y, and z axes. As cyclic lateral

boundary conditions were used, the domain width was equivalent to the lateral spacing for a turbine row. For both the successor

and precursor simulations this width was first set to three turbine diameters wide (0.72 km) for the initial wake analysis. The210

width was later changed to evaluate the impact of turbine lateral spacing within a row on the AGWs (see Section 3.3).

Unlike the choice of domain width, the choice of domain length and height were primarily selected to minimise artificial

gravity wave reflections at the domain boundaries. Extensive recommendations exist in the literature for reducing reflections

(Lanzilao and Meyers, 2024; Khan et al., 2025; Lanzilao and Meyers, 2023; Klemp and Lilly, 1978). These are summarised

as:215

1. Use wave damping regions of at least one wavelength size in the upper region of the domain and at both the inlet and

outlet.

2. The domain should be large enough to resolve at least one wavelength in both streamwise directions and the vertical

direction.

3. Use a damping region with a damping coefficient based on the Brunt-Väisälä frequency N given by equation N =220
√
Γ · g/θ0 where Γ is the thermal stratification of the geostrophic layer.

4. Use a gradient function to vary the strength of the damping layer, the shape of which can be tuned through preliminary

simulations.

Following these recommendations, the domain for the successor took the layout shown in Fig. 3. With a domain length of

five AGW wavelengths and a domain height of two AGW wavelengths above the boundary layer, the domain can sufficiently225

resolve at least one wavelength above, in front of, and behind the wind turbine. As shown in Fig. 3 the domain is set up to
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also include damping regions at the inlet, outlet and upper boundaries all one wavelength in size. Rayleigh damping (FRay)

was chosen for these regions as it has been successfully used throughout the literature (Allaerts and Meyers, 2017; Stipa et al.,

2024b; Khan et al., 2025). To vary the damping strength to a maximum at the boundaries, a cosine function given by Eq. 6 was

used:230

FRay =−Cd · (U −Ugeo) ·
1

2
· (1− cos(

π · (xi − (Lb −Ld))

Ld
) (6)

where Cd is the damping coefficient, Ld is the damping layer length, Lb is the position of the boundary and Ugeo is the

geostrophic layer velocity. The damping coefficient Cd was set to 2 times the Brunt-Väisälä frequency and Ugeo was prescribed

based on the precursor simulation. For the lateral boundaries the cyclic condition ensures they are reflection free.

Damping Regions

2 λ / 7.6 km

3 λ 5 λ 6 λ / 22.8 km

Damping
Strength

Flow

Figure 3. The domain used in the successor simulations with damping regions indicated by shading and dashed boxes to indicate mesh

refinement regions around the turbine and wake. The axes are non-dimensionalised in terms of the gravity wave wavelength.

A reflection coefficient was used to evaluate the effectiveness of the simulation setup at reducing artificial wave reflections.235

The coefficient is found by decomposing the internal wave field into upward and downward propagating components and

comparing the energy contained within each (Allaerts and Meyers, 2017; Taylor and Sarkar, 2007). A coefficient of less than

10% has been agreed in the literature to be the limit for a simulation to be categorised as reflection free (Allaerts and Meyers,

2017; Khan et al., 2025). In the simulations for this work this value was less than 10% for all cases and had an average of 7%.

For further information on the coefficient calculation see (Allaerts and Meyers, 2017), (Taylor and Sarkar, 2007) and (Khan240

et al., 2025).

Whilst the full length domain is required in the successor, there are no AGWs to resolve in the precursor, therefore, it can be

shorter. A tiling approach was used as illustrated in Fig. 4, where the precursor is replicated multiple times and then combined

to create the successor.
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Figure 4. An illustration of the tiling method for extrapolating the precursor in the streamwise direction.

This tiling approach is conceptually similar to other tiling methods in the literature for expanding domains often in the245

spanwise directions (Stipa et al., 2024b; Lanzilao and Meyers, 2024; Stipa et al., 2024a; Sanchez Gomez et al., 2023; Han

et al., 2023). The tiling method performs well for AGW simulations because the homogeneity of the geostrophic layer makes

the layer insensitive to streamwise extrapolation. Furthermore, the long successor spin-up time ensures the flow has advected

through at least one entire successor domain before data is collected.

To determine an appropriate length for the precursor domain, the relevant length scales of the flow were characterised. Using250

a simulation of an 11 km long precursor domain the maximum integral length scale of the flow was calculated following the

two-point correlation method described by Pope (2000). The largest turbulent eddies were found near the wall and had a length

on the order of 150 to 250m. The other length scale of interest was that of the gravity waves, which have wavelengths on the

order of kilometres. Therefore, the precursor domain streamwise length was set to be equivalent to one gravity wave wave-

length. In addition, to avoid any turbulent structures becoming locked into the precursor and lasting for unrealistic timescales,255

the shifted boundary condition developed by Munters et al. (2016) was implemented for the precursor.

2.3.1 Mesh Size

A sensitivity study was carried out for the mesh, with a cell size of 20 m being selected for the horizontal (x,y) directions

consistent with previous CNBL studies which used cell sizes in the range of 20 to 30 m (Allaerts and Meyers, 2017; Wu

and Porté-Agel, 2017; Lanzilao and Meyers, 2024; Abkar and Porté-Agel, 2013). In the vertical direction (z) the mesh was260

stretched to ensure a small enough cell for accuracy in the boundary layer, where complex turbulent structures are present,

while maintaining computational efficiency in the geostrophic layer, where the flow is homogeneous and in the damping

regions being artificially forced. Therefore, the mesh was kept at a 10 m cell height up to twice the inversion layer height and

then increased from 10 m to 60 m up to the damping layer and then over the damping region it was further stretched from 60 m

to 300 m. This vertical size and stretching was informed by the same literature.265
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Whilst this mesh size was adequate for the precursor, to effectively use the Actuator Line Method for the turbine represen-

tation, the mesh was further refined in the successor. This was done using two refinement regions as illustrated by the dashed

boxes in Fig. 4. The outer region of size 22.5 D × 2 D × 2 D refined the mesh to a uniform 10 m size and started 2.5 D in front

of the rotor. The inner region of size 9.5 D × 1.5 D × 1.96 D refined the mesh to 5m (∆cell) and started 2 D in front of the rotor.

This refinement provided 48 cells across the rotor plane. The length of the refinement boxes was chosen after initial testing to270

ensure the near wake of the turbine was captured at a 5 m resolution and the far wake at a 10 m resolution.

2.4 Atmospheric State and Precursor Flow Profiles

It was chosen to simulate flow conditions in the North Sea (latitude 55◦) because this was the location of most European

offshore wind farm development at the time of the work. Lanzilao and Meyers (2024) performed an extensive analysis of the

ERA5 dataset to determine a typical range of thermal parameters for the North Sea wind profile. Using this range the CNBL275

parameters in Table 1 were chosen. These conditions also satisfy an additional condition of the inversion layer being above an

approximate minimum height, calculated using Eq. 7:

Hmin ≈A · θ0
g∆θ

·u2
∗ (7)

where A is an empirical constant (∼ 500). If the inversion layer height is above Hmin, it should not evolve during the simulation

(Allaerts and Meyers, 2015, 2017; Csanady, 1974).280

For the shear stress lower boundary, the surface roughness z0 was set to a typical value for the sea and resulted in a turbulence

intensity of 3.9% at hub height, 4.6% at 90 m and 6.8% at 30 m in the simulations (Stull, 2015). This level of turbulence is

consistent with observations in the North Sea (Türk and Emeis, 2010). The inversion layer thickness was set to 100 m to be

consistent with the range for other simulations in the literature (Stipa et al., 2024b; Lanzilao and Meyers, 2024). Finally, the

hub height velocity was set to both fall within the typically simulated range and so that the 15MW turbine was operating285

within the region for the optimal TSR (Gaertner et al., 2020).

Table 1. The key CNBL parameters.

Inversion Height

H (m)

Hub Velocity

(ms−1)

Stratification

Γ (Kkm−1)

Inversion Strength

∆θ (K)

Base Temperature

θ0(K)

Surface Roughness

z0 (m)

350 8 5 5 283 0.001

Velocity, temperature and wind angle profiles from the precursor simulations are given in Fig. 5. For comparison the profiles

from precursors without temperature profiles and in one of the cases without a Coriolis forcing, are included. The profiles have

been horizontally averaged over the domain and temporally averaged over 5000 s.
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Figure 5. Time and spatially averaged vertical profiles of (a) wind speed (b) wind angle and (c) temperature, from precursor simulations.

Three cases are included for comparison: a full precursor (-), a precursor without a temperature profile (- -) and a precursor without a

temperature profile or the Coriolis forcing (■). The region within which the turbine operates is also indicated by the shading.

Notably, over the rotor plane the three velocity profiles in Fig. 5(a) are similar, but, above the maximum rotor height the290

profile is flatter for the cases with the Coriolis forcing. For the cases with the Coriolis forcing there is a variation in the wind

angle over the rotor area with a magnitude of 4–5◦ (Fig 5(b)). In the full precursor a super-geostrophic jet also exists in the

inversion layer, this is a common phenomenon in CNBL simulations when the inversion layer is low (Lanzilao and Meyers,

2024). Using Eq. 8 the atmospheric gravity wave wavelength can be calculated as

λ=
2π ·Ugeo

N
(8)295

where Ugeo is the geostrophic velocity taken from the precursor; AGWs in the successor were predicted (based on Ugeo,x) to

have a wavelength of approximately 3.8 km.

2.5 Wind Turbine and Actuator Line Model

The International Energy Agency 15MW reference turbine was chosen to be simulated in this work (Gaertner et al., 2020).

The 15MW turbine is almost double the height of the NREL (now NLR) 5MW reference turbine, so was expected to have300

a greater impact on the phenomena in the upper atmosphere than previous simulation work which used 5 or 10MW turbines

(Jonkman et al., 2009).
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The Actuator Line model (AL) was chosen for modelling the turbine to allow for detailed wake and blade load analysis to be

carried out including characterising temporal variations. An in-house AL code, embedded in OpenFOAM, was used. The key

model parameters, given in Table 2, were selected based on the recommendations in the literature and the Shen and Sørensen305

tip loss model was also used (Shen et al., 2005; Zormpa et al., 2025; Liu et al., 2022; Sorensen and Shen, 2002). With the

potential for AGWs to cause an inflow deceleration, a torque controller was implemented so the turbine always operated at the

optimal Tip Speed Ratio (TSR) of 9.5. This optimal TSR value, which correlated to the maximum power output, was found

from preliminary simulations which covered a full TSR sweep for the turbine.

Table 2. The main AL parameters chosen for the simulation.

No of

Blade Points

No of

Sampling Points

Sampling distance

rs
ε

Time Step

(s)

Smearing

Kernel

50 16 1.1·3·ε 2∆cell 0.195 Spherical Gaussian

In AL model simulations, the common recommendation is to set the time step so the turbine blade tip travels only one cell310

per iteration, resulting in a more stringent constraint than implied by the Courant-Friedrichs-Lewy (CFL) condition. The line

averaging velocity sampling method was used in this work, following the demonstration of Zormpa et al. (2025) that it allows

larger time steps to be taken than other sampling methods with negligible impact on accuracy. Consequently, the time step was

set so the blade tip travelled at most three cells, which is still considerably more restrictive than a standard CFL limit would

require.315

2.6 Simulation Suite

A suite of simulations were run as described in Table 3, chosen to allow for the evaluation of gravity wave impacts compared

to other factors such as the Coriolis force and turbulence. In all cases the same numerical schemes and general OpenFOAM

setup was used, however, the solver was varied to account for the lack of temperature modelling in wave-free cases and the

need for a pressure-driven precursor in the turbulent cases.320

Table 3. The key parameters of the simulated cases.

Case Inflow
Inflow

Profile
Precursor

Coriolis

Force

Thermal

Profile
AGW

1 Turbulent Sheared Yes Yes CNBL Yes

2 Turbulent Sheared Yes No Neutral No

3 Turbulent Sheared Yes Yes Neutral No

4 Laminar Uniform No No CNBL Yes

5 Laminar Uniform No No Neutral No
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The precursor was run for 90000 s to reach a quasi-steady flow. The successor was then run for 5000 s before data was taken

over the following 3000 s. For the successor this was equivalent to the flow at hub height having 1.75 flows through of the

domain before data was taken and the data being taken over on average 300 revolutions of the wind turbine. These spin-up

times are in line with those in the literature (Allaerts and Meyers, 2017; Lanzilao and Meyers, 2024).

Whilst the above setup and precursor run times were used for the cases expected to produce AGWs (Case 1, Case 4),325

in Cases 2, 3, and 5 there were no AGWs to be resolved. So in the turbulent wave-free cases (2 and 3) four modifications

for computational efficiency were made. First, similar to farm simulations under neutral boundary layers in the literature, the

domain size was limited to 1 km in height (Strickland and Stevens, 2022; Calaf et al., 2010). Second, the distance of the turbine

from the inlet was reduced to 10 turbine diameters, which was still sufficient to ensure no interaction between the turbine and

inlet. Third, the precursor was run for only 45,000 s, as the quasi-steady state was achieved in the neutral boundary layer330

simulations much faster. Fourth, the successor was run for only 3000 s before data was taken, as time for wave propagation did

not have to be accounted for. The overall reduced computational cost, consequently, meant that in Cases 2 and 3 the precursor

simulation was run concurrently as shown in Fig. 6, with the precursor being the first section of the overall domain.

Figure 6. An illustration of the simulation domain for turbulent cases without AGWs. The overall domain is not to scale.

For the majority of the paper, the main case presented will be the turbulent AGW case (Case 1) with a comparison being

primarily made to the turbulent wave-free case (Case 2).335

3 Results

3.1 Wake Recovery

For Case 1 the time averaged velocity profiles of the geostrophic layer, presented in Fig. 7, demonstrate that the turbine triggered

a wave which propagated in both the vertical and horizontal velocity components. A trapped wave is also evident in the

temperature field perturbations, travelling horizontally along the inversion layer. The trapped wave temperature perturbation340

spacing is consistent with the velocity perturbations of the internal waves, confirming that both are driven by a buoyancy

mechanism and so can be classified as AGWs. This result is in agreement with the observation of Lanzilao and Meyers (2024)

who also noted the development of a trapped wave in their LES wind farm simulations as a result of temperature oscillations

in the inversion layer. By tracking the position of temperature isotherms the height of the inversion layer centre is visualised in

Fig. 7(d). The centre of the inversion layer is displaced compared to the inflow altitude (400 m) and oscillates in-line with the345

wave fields, confirming that it is a vertical flow displacement which initiates these AGWs.
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Figure 7. Vertical streamwise planes of the time averaged flow field for Case 1, taken at the centre of the domain and showing the (a) vertical

and (b) streamwise velocity in the geostrophic layer, (c) the temperature in the region around the inversion layer and (e) the streamwise

velocity for the turbine wake region. To better visualise the perturbation caused by the turbine, in most cases the background flow field ([ ]in)

has been subtracted. Additionally, in panel (d) the position of the inversion layer centre with streamwise distance is plotted. The x axis datum

is taken about the turbine position and the axis is non-dimensionalised on the bottom axes by the predicted AGW’s wavelength and on the

top axes by the turbine diameter (D).
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The effect of these waves on the wind turbine wake can be seen when Case 1 is compared to Case 2, an equivalent wave-

free simulation, in Fig. 8. In Case 1 the vertical wake width varies sinusoidally with streamwise distance instead of growing

consistently as in Case 2. This alteration to wake shape is also apparent in the trajectory of the blade induced vortex structures

(see Appendix A). Additionally, the wake recovery in Case 2 is monotonic whilst in Case 1 it is oscillatory, with peaks in the350

wake velocity in line with the troughs in the AGW field and vice versa for troughs in the wake. At the AGW troughs there are

also pockets of accelerated flow outside the wake in Case 1 (dashed boxes in Fig. 8). Whilst in both Cases 1 and 2 accelerated

bypass flow is observed above the turbine wake, the pockets of accelerated flow in Case 1 are enhanced compared to bypass

acceleration in Case 2 and occur inline with the wave troughs, so are attributable to the AGW. Finally, in Case 1 there is a

deceleration upstream of the rotor which, unlike in Case 2, is not just local to the turbine. This has been seen in the literature355

for farms with AGWs and is often referred to as a wave-induced farm or global blockage effect (Wu and Porté-Agel, 2017;

Lanzilao and Meyers, 2024). This effect is attributed to the upstream propagation of the AGW in the literature and as it is only

apparent in the simulation with an AGW, these results would be consistent with this explanation. As no farm is simulated in

this work, this effect shall be referred to as the AGW-induced flow deceleration.

Figure 8. Vertical planes of the time-averaged turbine wake profiles for (a) Case 1 which contains gravity waves and for (b) Case 2 which

does not. Dashed boxes are added in (a) to highlight regions of enhanced bypass accelerated flow. The velocity is shown relative to the

unperturbed flow. The top x axis is normalised by the turbine diameter and the bottom axis by the theoretical gravity wavelength with the

datum taken as the turbine position.
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A horizontal slice at hub height of the turbine wake for both Cases 1 and 2 are shown in Fig. 9. These again demonstrate360

that the AGWs cause a non-local deceleration in front of the turbine as seen in Fig. 7. The deceleration resulted in a reduction

of 26% in the mean power and 18% in the mean thrust for Case 1 when compared to Case 2. The AGW-induced deceleration

is particularly large here due to the simulation setup whereby only the central turbine in a farm was modelled, so it does not

capture any lateral diversion of flow expected around a farm (Allaerts and Meyers, 2017; Lanzilao and Meyers, 2022; Wu and

Porté-Agel, 2017). Whilst in some farm cases the low inversion layer itself can explain the reduced farm power production365

as a result of lower turbulent entrainment (Abkar and Porté-Agel, 2013), this is unlikely here as the upper atmosphere only

becomes a key source of energy deep into farms (Stevens and Meneveau, 2017).

Figure 9. Horizontal planes of the wind turbine wake time-averaged velocity deficits taken in the streamwise direction for Cases (a) 1 and (b)

2. The x and y axes are taken about the turbine position. The top x axis is normalised by the turbine diameter and bottom x axis is normalised

by the predicted gravity wavelength. The y axes in both panels are normalised by the turbine diameter.

Furthermore, in Fig. 9, regions of acceleration and deceleration are observed in the wake for Case 1. These regions coincide

with the troughs and peaks of the AGWs, consistent with those seen in the vertical profile. The horizontal wake profile in the

AGW scenario also shows a variation in width, with a narrowing in line with the first wave trough downstream of the turbine.370

This, together with the observed wake shape changes in Fig. 7 and A1, demonstrates that AGWs modified the wake in both

lateral and streamwise directions. The overall wake shape, consequently, is similar to a cylinder with a diameter sinusoidally

varying with streamwise distance. The accelerations in flow seen inline with the wave troughs can be explained by considering

the vertical flow confinement from the inversion layer. At a wave trough the inversion layer is reduced in height and thus to

conserve mass flux the flow must accelerate. Through this reasoning the inversion layer can be thought to act as a rigid lid, a375
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concept which was used by Stipa et al. (2024a) to simulate AGWs effects by deforming the top boundary in an LES simulation

instead of resolving the waves themselves.

Finally in Fig. 9, for Case 1 there is a streamwise horizontal displacement of the wake when compared to case 2. The centre

of mass approach given by Eq. 9 was used to evaluate the wake centreline displacement:

ycentre =

∑
y ·

(
1− Ux

Uup

)3

∑(
1− Ux

Uup

)3 (9)380

where ycentre is the wake centre position as a function of streamwise distance, U(x) is the velocity in the wake and Uup is the

velocity taken upstream of the rotor as to account for the AGW-induced deceleration.

Comparing Cases 1 to 4 in Fig. 10, Case 1 is the only wake with clear skew with an angle of 1.54◦, relative to the turbine

hub. Although there is some horizontal displacement in the other cases, this is comparatively small. The direction of this small

displacement was found to be a function of the turbine rotation direction, which was impacting the tip vortex and consequently385

wake breakdown. Whilst the wake skew in Case 1 does indicate the AGWs may the impact the wake skew angle, another key

difference in the turbulent AGW case is the inclusion of the Coriolis force and therefore the inflow also having veer.

There is an open discussion in the literature over the extent to which the Coriolis force and veer can impact the wake skew

angle. In the farm simulations of Allaerts and Meyers (2017) as well as those of Maas (2023a, b), all of which contained

gravity waves, a rotation in the flow was observed in the farm. In all three cases this was mainly attributed to the horizontal390

imbalance between the predefined driving pressure gradient and the Coriolis force which varies as a function of velocity.

Specifically, the deceleration seen in the wake and AGW-induced deceleration effect meant the Coriolis force reduced, resulting

in an anticlockwise rotation. This effect was confirmed as a possible explanation for farm wake rotation by van der Laan and

Sørensen (2017) by comparing farms with variable and fixed Coriolis forces, however, it was also found to be dependent

on how the wind farm was modelled. Their study also demonstrated that, although the wind veer in the inflow can cause a395

clockwise wake rotation for a single turbine, in neutral conditions wind veer alone is not strong enough to rotate the wake. In

our simulations the wind veer varied over the rotor diameter by 4–5◦ and the Coriolis force was scaled with velocity.
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Figure 10. Time-averaged streamwise velocity on horizontal planes at hub height for cases (a) 1, (b) 2, (c) 3, (d) 4 and (e) 5. In addition the

centreline for each wake is overlaid onto the plane, with all the cases centrelines plotted together in (f). The x and y axis datum is taken as

the turbine centre and the axes are non-dimensionalised by the rotor diameter (D).

Taking horizontal planes for Case 1 at 100 m above and below hub height in Fig. 11 (a-d) shows that the wake skew angle

varies with height. For Case 3, a variation of skew angle with height was also seen (Fig. 11 (e-h)), however, the skew angles are

rotated compared to those of Case 1. The variation in wake skew with height confirms that the wake skew is being primarily400

driven by the Coriolis force and its induced wind veer. Additionally, the difference between Case 1 and 3 indicates the AGWs

are modifying this skew by creating or enhancing an imbalance between the Coriolis force and driving pressure gradient. The
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imbalance is caused by the speed reduction as a result of AGW-induced deceleration and the wake deficit. At hub height,

where the inflow is aligned with the rotor, the wake skew is considerable in Case 1 compared to Case 3 so the AGW-induced

deceleration is concluded to be acting as a compounding mechanism in causing the imbalance. Nonetheless, the AGWs are not405

the driving factor behind the wake skew, as they do not amplify, damp or initiate it. Instead the AGWs just cause an angular

shift in the wake skew with height.

Figure 11. Horizontal planes of the velocity deficit field for Case 1 (a-c) and Case 3 (e-g) in the streamwise direction at heights of (a,e) 50 m,

(b,f) 150 m and (c,g) 250 m. The wake centrelines are overlaid onto the plots and plotted together in (d) and (h) for Case 1 and 3 respectively.

The axis datum is the turbine position and the axes are non-dimensionalised by the rotor diameter.

Overall the variations between the cases demonstrate that AGWs can impact turbine-scale flows, altering the wake shape,

wake recovery and turbine power production. This impact on the turbine scale flow field means the wake shadowing effect be-
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tween turbines will be altered under AGW conditions and may or may not be favourable depending on the AGW wavelength.410

Additionally, the change to the flow field through the AGW-induced deceleration reduced the blade loading (Appendix B).

However, the waves had no significant impact on the spatial or temporal distribution of the blade loading. Finally, the simula-

tions confirm it is possible to trigger AGWs using a simplified setup with only one turbine row. This suggests that a large farm

may not be required to trigger these waves; under favourable thermal conditions, such as a low inversion layer, even a single

turbine may be sufficient to trigger AGWs.415

3.2 Wake Recovery Mechanisms

The turbine wake velocity profiles presented in Section 3.1 demonstrate the AGWs have an impact on the recovery and dy-

namics of the wake. Figure 12 compares the streamwise evolution of the wake-averaged velocity for Cases 1 and 2. The

wake-average was found by averaging the velocity deficit over a circular area of radius 130 m centred on the wake centreline

at hub height. The presence of the AGW in Case 1 results in a non-monotonic recovery of flow speed in the wake, unlike the420

AGW-free case. Consequently, evaluating wake recovery solely based on wake velocity thresholds may not adequately capture

the full dynamics of the turbine wake.

Figure 12. Streamwise evolution of the wake-averaged velocity relative to the inflow for Cases 1 and 2 in the streamwise direction. A dashed

line is added to indicate the level at which full flow speed recovery would be achieved. The x axis is taken about the turbine positions and

normalised by both the predicted AGW wavelength and turbine diameter.
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The spatial oscillation in the time averaged velocity along the wake indicates the mean flow component was impacted by the

AGWs. Thus, a mean kinetic energy budget analysis was carried out for the wake. Each term in the momentum equation was

multiplied by the instantaneous velocity, time averaged and then integrated over the wake length. The control volume for the425

integration had a width equal to the domain, a height of 300 m and a length increasing with 0.5 D intervals starting from the

rotor. The control volume height was chosen to fully capture the turbine wake whilst being lower than the inversion layer even

when displaced by AGWs.

The resulting mean kinetic energy budgets are shown in Fig. 13 for both Case 1 and 2. To assist interpretation of the budget,

the terms of the momentum equation (Eq. 2) are identified as:430

∂ũi

∂t︸︷︷︸
Temporal
derivative

+
∂

∂xj
(ũj ũi)

︸ ︷︷ ︸
Convection

=−2εi3kΩ3ũk

︸ ︷︷ ︸
Coriolis

− ∂p′

∂xi︸︷︷︸
Local

Pressure

− ∂

∂xi

〈
p0(x,y)

ρ0

〉

︸ ︷︷ ︸
Background

pressure

− ∂

∂xj

(
τDij

)

︸ ︷︷ ︸
Turbulence

−g3z
∂

∂xi

(
ρb
ρ0

)

︸ ︷︷ ︸
Buoyancy

+ Fi

︸︷︷︸
Damping
/Turbine
Forcing

(10)

Terms for the damping region and the turbine were excluded as they only act on regions outside of the wake. The background

pressure gradient was not calculated in Case 2, however, as it is constant throughout the domain, this does not impact the

interpretation of the results. In Case 1, shown in Fig. 13(a), the local pressure term and convective term dominate the energy

budget oscillating between maxima and minima in line with the gravity wave. Whilst in Case 2, shown by Fig. 13(b), the435

convective and local pressure terms become of similar magnitude to the other terms which all have a monotonic relationship

with the wake distance. Therefore, it can be concluded that AGWs have a significant impact on the mean flow which manifests

as a spatially varying momentum exchange between the pressure field and convection terms.

Figure 13. The key mean kinetic energy budget terms integrated over the wake for (a) Case 1 and (b) Case 2. The x axis datum is the rotor

position with the first point from a control volume with streamwise length of half a rotor diameter. The x axis is non-dimensionalised by the

predicted AGW wavelength (λ).

22

https://doi.org/10.5194/wes-2026-208
Preprint. Discussion started: 5 November 2026
c© Author(s) 2026. CC BY 4.0 License.



The AGWS may also impact the turbulent component of the wake. The sum of the resolved and modelled components of

the TKE was integrated over a control volume which was the same as that for the mean kinetic energy budget. The total TKE440

for Cases 1 and 2 is plotted in Fig. 14. Case 2 has a higher total TKE in the wake and so would normally be expected to recover

faster.

Figure 14. The total Turbulent Kinetic Energy (TKE) integrated over the wake for Cases 1 and 2. The x axis datum is the rotor position and

the x axis is non-dimensionalised by the predicted AGW wavelength (λ) and the turbine diameter (D).

To assess if the difference in TKE was caused by the AGWs, an analysis was undertaken of the TKE production and transport

in the wake. The TKE budget evaluation followed that of Wu and Porté-Agel (2012) focusing on the three key terms that they

identified for wakes under atmospheric flows. First, the production term TKEP given by,445

TKEP =

3∑

i=1

3∑

j=1

−
(
ũ′
iũ

′
j + τsgsij

) ∂ũi

∂xj
(11)

where ′ indicates a fluctuating component. Second, the advection term TKEA is given by

TKEA =

3∑

j=1

−ũj
∂k

∂xj
, (12)

where

k =

3∑

i=1

(
ũ′
iũ

′
i + τsgsii

)
. (13)450

Third, the transport term TKET is given by

TKET =−1

2

3∑

i=1

3∑

j=1

∂ũ′
j ũ

′
j ũ

′
i

∂xi
(14)
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To account for potential differences in TKE caused by the Coriolis force, Case 3 is also compared (Abkar and Porté-Agel,

2016). The three TKE components in the vertical streamwise plane are shown for Cases 1, 2 and 3 in Fig. 15, 16 and 17

respectively. In all three components, Cases 2 and 3 have a stronger intensity in the wake compared to Case 1. The differences455

in the intensity of the components between the cases is consistent with the differences in flow speed and thus turbine thrust,

with only Case 1 experiencing wave-induced flow deceleration. In Case 1 the advection and transport in the wake is confined

by the inversion layer, whilst in Case 2 and 3 it freely extends vertically with streamwise distance. In all three cases the wake

breakdown occurs around 2 to 3 D as indicated by the increase in TKE production consistent with the tip vortex breakdown.

The TKE is then transported through the wake over 3 to 5 D behind the rotor in all three cases. Therefore, when comparing460

Case 1 to Cases 2 and 3 there are no significant streamwise variations in any of the TKE terms as a result of the AGWs, with

changes being on the order of magnitude of those from just adding the Coriolis force (Case 2 vs Case 3).

Figure 15. The TKE production, advection and transport over the turbine wake for Case 1. The x axis datum is taken at the rotor position

and non-dimensionalised by the rotor diameter.
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Figure 16. The TKE production, advection and transport over the turbine wake for Case 2. The x axis datum is taken at the rotor position

and non-dimensionalised by the rotor diameter.

Figure 17. The TKE production, advection and transport over the turbine wake for Case 3. The x axis datum is taken at the rotor position

and non-dimensionalised by the rotor diameter.
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In all three cases two terms dominate in the TKE production:

II =−
(
ũ′ṽ′ + τsgs12

) ∂ũ

∂y
(15)

and465

III =−
(
ũ′w̃′ + τsgs13

) ∂ũ

∂z
(16)

consistent with the finding of Wu and Porté-Agel (2012). Cross-stream slices close to the production terms peak, 3 D behind

the rotor, are shown in Fig. 18. Cases 1 and 3 show asymmetric profiles of TKE production terms II and III, due to the Coriolis

force, unlike Case 2 without the Coriolis force.

Figure 18. A vertical plane at x= 3D for Cases 1 to 3, showing the II and III components of TKE production. The axes are taken relative

to the turbine position and non-dimensionalised by the turbine diameter.
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The analysis of the TKE and mean energy budgets indicates that AGWs primarily interact with the mean flow and do not470

significantly impact the fluctuating components. Therefore, the AGWs could be considered a purely inviscid mechanism acting

independently of the turbulence of the flow. Furthermore, the conventional approach for assessing wake recovery based solely

on the mean velocity deficit may not be sufficient in cases where gravity waves significantly influence the mean flow dynamics.

Instead, alternative metrics such as the turbulence intensity could be used for measuring recovery, as shown in Fig. 19. As

turbulence intensity is based on the fluctuating components of the flow, the streamwise evolution of this metric is independent475

of the gravity wave effects. Therefore, with this alternative metric the streamwise position of full wake recovery can be assessed

using a threshold based on the inflow conditions.

Figure 19. Streamwise evolution of the wake-averaged Turbulence Intensity (TI) for Cases 1 and 2. The TI is relative to the background

with a dashed line added to the plot to indicate full return to the background TI state (TIin). The x axis is taken about the rotor position and

non-dimensionalised by both the rotor diameter and predicted AGW wavelength.

3.3 Impact of Lateral Spacing

As shown in previous sections, flow confinement is a key mechanism through which gravity waves affect rotor and wake flows.

In this section, the domain width is varied, emulating different lateral spacings between neighbouring rotors. Only results for480

cases with AGWs and turbulent inflows are presented.

Figure 20 compares the triggered gravity waves in the case of 3 diameter (3 D) and 6 diameter (6 D) lateral spacings. A

reduction in the internal wave strength is evident when the lateral spacing is increased, however, there is no change to the

spatial distribution of the waves between the spacing cases.
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Figure 20. Streamwise vertical planes of the flow field focussing on the AGWs in the geostrophic layer above the turbine. In panels (a),

(b) the streamwise velocity relative to the background (Ux-Ux,in) is plotted and in (c), (d) the vertical velocity relative to the background

(Uz-Uz,in). The left panels plot the flow field for a lateral spacing of three turbine diameters, and the right for six diameters. The x axis is

taken about the turbine position and non-dimensionalised by the predicted AGW wavelength.

Comparing the temperature profiles between the 3 D and 6 D spacing cases in Fig. 21, shows a decrease in the strength of485

the perturbation to the inversion layer. This correlates with the reduction seen in the vertical velocity profiles, demonstrating

that it is a weakening of the buoyancy mechanism causing a change in the wave strength. This change is caused by the wider

spacing allowing more lateral bypass flow and consequently there is less vertical bypass flow, resulting in less deflection of

the inversion layer, shown by the temperature perturbation above the turbine in the 3 D case being stronger than that in the 6 D

case.490

Figure 21. Vertical streamwise planes focussed on the inversion layer, showing the temperature field relative to the background field (T-Tin)

for a turbine lateral spacing of (a) 3 D and (b) 6 D. The z axis is non-dimensionalised by the inversion layer height and the x axis by the

AGW wavelength.
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A comparison between the horizontal wake profiles is presented in Fig. 22, showing a reduction in the magnitude of the wake

evolution characteristics attributed to gravity waves in the 6 D case compared to the 3 D case. In the 6 D case there is some

reduction in wake veer, however, this is relatively small, demonstrating that AGWs are not the driving factor of this feature. In

the 6 D case there is also a decrease in the wake narrowing consistent with a lessening of the acceleration at the wave trough.

Finally, there is a greater upstream deceleration in the 3 D case compared to the 6 D case.495

Figure 22. Streamwise horizontal planes of the turbine wakes for (a) a case with 3 D lateral turbine spacing and (b) 6 D lateral spacing. Both

axes are taken relative to the turbine position. The y axis is non-dimensionalised by the turbine diameter. The x axis is non-dimensionalised

by in (a) the turbine diameter and in (b) the predicted AGW wavelength.

These observations are further corroborated in the comparison of the vertical profiles of the wake velocity deficit in Fig. 23

for spacings of 3 D, 4.5 D, 6 D and 7.5 D. The acceleration pockets diminish, the upstream flow deceleration reduces, the wake

width is closer to monotonic in growth and the oscillation in wake velocity lessens as the lateral spacing increases. Furthermore,

in Fig. 23 the case with a rotor spacing of 7.5 D has a velocity deficit of 0.5 to 1ms−1 at 1.5 to 2λ downstream of the rotor

whilst the velocity deficit of the 3 D spacing case is closer to 0 to 0.5ms−1. The reduced deficit in the tighter spacing case500

is caused by the lower turbine thrust as a result of increased AGW-induced deceleration. This difference in the downstream

velocity deficit means that lateral spacing could have a considerable impact on the wake shadowing effect on downstream

turbines.
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Figure 23. Streamwise vertical planes of the turbine wakes for cases with (a) 3 D, (b) 4.5 D, (c) 6 D and (d) 7.5 D lateral spacing. The x axis

is taken relative to the turbine position and non-dimensionalised by both the predicted AGW wavelength and the turbine diameter.

By visualising the change to the vertical profile of the horizontally-averaged streamwise velocity Ux at 5 D upstream, outside

the rotor induction region, in Fig. 24(a) the AGW-induced deceleration is evident in both uniform and turbulent inflow cases.505

Within the vertical extent of the rotor, the velocity deficit is similar in both inflow cases, consistent with AGWs behaving as

a largely inviscid mechanism. Furthermore, as the lateral spacing increases linearly the AGW-induced deceleration decreases

non-linearly (Fig. 24(b)). The deceleration reduction attenuates with spacing, implying a minimum AGW-induced deceleration

and thus AGW that could develop.
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Figure 24. Plots of the horizontally averaged velocity relative to the inflow at 5 D upstream of the rotor for different turbine lateral spacings,

with (a) showing the deficit profile and (b) the deficit averaged over the rotors vertical extent. The results for both cases with turbulent and

uniform inflow are plotted. The horizontal dashed lines in (a) indicate the the vertical extent of the rotor swept area. The curve fitted to the

data in panel (b) is a 2nd order polynomial.

The change to the trapped wave field from the variation in lateral spacing is also captured in the displacement extent of the510

inversion layer. By tracking the vertical position of temperature isotherms in the streamwise direction and comparing this to

the position at the inflow, the displacement of the inversion layer along the domain centre is plotted in Fig. 25. The shape of the

inversion displacement, its magnitude and phase are relatively consistent between the cases with turbulent and uniform inflows.

This suggests that the wave field, and thus the displacement mechanism by which the waves are initiated, is independent of the

turbulence of the ambient flow.515

Figure 25. Vertical displacement of the inversion layer along the centre of the domain in the streamwise direction. Cases with a turbulent

inflow are shown in (a) and a uniform inflow in (b) for cases with varying lateral spacing. The x axis is taken relative to the turbine position

and non-dimensionalised by both the predicted AGW wavelength and the turbine diameter.
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Both turbulent and uniform inflow cases also show a consistent trend in the reduction of inversion layer displacement with

increased spacing. The attenuation of the trapped AGW amplitude is quantified by comparing the maximum perturbation to the

inversion layer in Fig. 26(a) for different spacings. Figure 26(a) shows that the maximum perturbation decreases with increasing

lateral spacing but this happens at a decreasing rate of change. The convergence of the result on a peak change of ∼60% of

the initial value at 7.5 D spacing suggests that for large turbines, even when operating in isolation, an AGW may develop if the520

inversion layer is low enough.

Figure 26. Changes to (a) the maximum inversion layer displacement and (b) power coefficient for different lateral turbine spacings. In both

(a) and (b) the y axes have been non-dimensionalised by the 3 D spacing case. Error bars representing one standard deviation in the power

are included in (b). The curves fitted to the data are 2nd order polynomials in both panels.

A change in the power production consistent with that of the inversion layer perturbation was also observed. The power

coefficient of the turbine for varying spacing is given in Fig. 26(b) and was calculated based on the undisturbed flow field. At

7.5 D spacing the power produced is around 10% higher than at 3 D spacing. Whilst this is a significant increase in power,

it is much lower than the wave-free scenarios, with Cases 2 and 3 producing 36% and 32% more power than the 3 D case525

respectively. Differences in the undisturbed flow between the cases accounts for only a relatively small proportion of this

change in power production, as demonstrated by the difference between Cases 2 and 3. Therefore, the substantial discrepancy

between the AGW and wave-free cases is indicative of how influential AGWs are on power production. The significance of

the AGW impact is further evidenced by considering that at a tighter turbine lateral spacing the resulting greater geometric

blockage ratio normally would be expected to result in an increased power production. However, these results show the opposite530

trend with power gain despite a greater lateral spacing, thus, demonstrating the major influence gravity waves have on turbine

power production. Consequently, this supports AGW atmospheric scenarios and their frequency being accounted for in future

farm planning for both layout and location.
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Finally, both the uniform and turbulent inflow cases demonstrate similar trends despite differences in the inflow conditions.

Whilst some of this similarity comes from normalisation of the results to account for a logarithmic or uniform inflow profile, it535

also supports the hypothesis that the AGWs and their effects on rotors are independent of the turbulence of the flow. Therefore,

whilst the AGWs that develop may depend on the farm design and operation parameters, they may be independent of the flow

characteristics inside the farm itself.

4 Discussion and Conclusions

In this work, AGWs have been shown to have a significant impact on wind turbine scale flows. The rate of wake recovery, the540

wake shape and the wake skew were all altered by the AGWs. These modifications to the wake dynamics and their magnitude

are important to capture as they could impact the predicted extent of the wake shadowing within wind farms and consequently

the performance of downstream turbines. Furthermore, the magnitude of the wake modifications were shown to be a function

of the wave strength, which could be altered by varying the lateral turbine spacing. Rafferty and Vogel (2026) demonstrated

the AGW strength was strongly correlated to turbine thrust. Thus, the streamwise spacing of potential downstream turbines545

may also impact the wave strength through a thrust variation from the non-monotonicity in the recovery of the wake of the

upstream turbine. As the wake monotonicity, the wave induced deceleration and wake length were all observed in this work

to be a function of wave strength, the streamwise positions of turbine rows could create a complex feedback loop. Overall

this work suggests both the lateral and streamwise farm spacing are likely to have a crucial role in the extent of the expected

AGW influence in wind farms. In addition, these findings indicate the possibility of optimal farm layouts for AGW scenarios.550

Understanding these scenarios could also be used to explain potential variations seen in the farm power patterns and improve

farm control strategies under AGW conditions.

Evaluation of energy budgets in the turbine wake demonstrate that AGWs predominantly interact with the pressure field and

convection in the mean flow. Additionally, the consistency of the observed trends between the uniform and turbulent inflow

cases suggest the AGW wave generation and their effects are largely independent of the fluctuating component of the flow.555

Together, these findings indicate that the AGW dynamics are primarily governed by inviscid mechanisms.

The results also suggest there is a scale separation, whereby the AGWs do impact the turbine-scale flows, whilst remaining

relatively insensitive to the flow dynamics at that scale. The separation concept is advantageous for modelling, as it means that

simplified setups with low fidelity turbine or farm models would suffice for the accurate prediction and assessment of an AGW

field, which is consistent with the findings of Rafferty and Vogel (2026). Moreover, the separation suggests that the flow field560

only needs to be captured at a high resolution within the boundary layer for cases where intra-farm wake interactions and blade

loading are being assessed.

One of the key impacts of the AGWs observed was a deceleration upstream of the rotor, below the boundary layer and

spanning the width of the domain. In the cases without AGWs, however, there was no appreciable deceleration upstream of

the rotor. Therefore, it can be concluded that no global or farm blockage was present in the simulations, consistent with only565

one turbine being simulated. Similarly, the difference between the cases means the deceleration that was seen must have been
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AGW induced. Consequently, the AGWs are concluded to be a compounding effect to the decelerations seen in the wider wind

farm literature and not an enhancement of the farm blockage mechanism.

Whilst the use of an infinite row to simulate the AGWs will have over-emphasised the strength of the AGWs triggered,

this work has demonstrated a potential lower computational cost methodology than full farm simulations that is still capable of570

capturing gravity waves. The amplification of the waves allowed analysis of the role of AGWs in observations such as the wake

skew and recovery where other atmospheric factors, such as the Coriolis force and turbulence intensity, play a prominent role.

Furthermore, as only one turbine was simulated, this work indicates it may be possible to trigger gravity waves with clusters

of turbines rather than just farms. Therefore, understanding the typical atmospheric thermal parameters at a location, such as

the inversion layer, will likely be of importance for all scales of installation planning.575

Finally, AGWs can be triggered under any positively stratified thermal condition (Nappo, 2012). Therefore, while only a

CNBL flow case was simulated in this work, the findings on the underlying physics, sensitivity to parameters and impact to the

turbine scale flows, could be of use to a wider range of scenarios. For example it would be worthwhile considering the impact

of AGWs for turbines under diurnal cycles or onshore near wave inducing topographical features such as mountain ridges or

tree canopies.580

Appendix A: Appendix A

The impact of the AGW on the wake shape can be seen through the trajectory of the tip and hub vortices, visualised using

the time averaged vorticity of the flow field as shown in Fig. A1. Cases 4 and 5, where the inflow is uniform, are included

here because the overall wake structure lasts longer allowing for better visualisation. In both the turbulent and uniform inflow

AGW cases the tip vortex is forced downwards whilst in the wave-free case it extends in the horizontal direction. This shape is585

consistent with the shape of the oscillation in the inversion layer which varies from a peak just after the turbine to a trough at

7 to 8 D downstream of the rotor. This demonstrates that one impact of the inversion layer is to confine the wake.
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Figure A1. Vertical streamwise planes of the time-averaged vorticity magnitude for Cases (a) 1, (b) 2, (c) 4 and (d) 5. The x axis is taken

about the turbine position and non-dimensionalised by the turbine diameter.
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Appendix B: Appendix B

Blade loads were binned into 5◦ for calculation of the flapwise and edgewise Root Bending Moments (RBM). Comparing

the RBMs of Case 1 to Case 2 in Fig. B1 shows a consistent reduction in the loading, with the mean reducing by ∼19% and590

∼18% in the edgewise and flapwise RBM respectively. This change is due to the AGW-induced deceleration upstream of the

turbine. Figure B1 also shows the blades underwent cyclic loading due to operating in a sheared flow profile. Normalising the

root bending moments by the mean loading of the respective cases in Fig. B1, shows no significant difference in the loading

pattern between Case 1 and 2 is apparent. This indicates the AGW-induced deceleration in Case 1 is causing primarily a bulk

deceleration of the flow in the swept area of the rotor. Whilst there is a small increase in the loading seen in Case 2 compared595

to 3 this driven by the flatter vertical shear profile caused by the inclusion of the Coriolis force.

Figure B1. Polar plots for the Root Bending Moments (RBM) of a turbine blade over the 360◦ sweep for Cases 1 to 3. Plots (a) and (b) are

the edgewise and flapwise RBM respectively in Nm. Plots (c) and (d) are again the edgewise and flapwise RBM respectively, normalised by

the mean value over the whole sweep. In all four panels 0◦ is when the blade tip is at the highest point.
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