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Abstract.

In this study, Large Eddy Simulations (LES) with realistic inflow conditions are con-
ducted to investigate the dynamics of the nocturnal marine atmospheric boundary layer
(MABL) (with approximately 8 m/s mean inflow speeds) around the South Fork Wind
Farm, completed in March 2024 and located 35 miles offshore and east of Montauk Point,
NY. The LES framework incorporates 12 turbines represented by actuator disk models.
We analyze the turbulence and circulation dynamics in the wake regions, focusing on
the effects of tilting and stretching on vorticity. Our findings reveal that these processes
intensify circulation and induce convergent (upward) motions in the near wake, while
acting as sinks of vorticity in the far wake, thereby weakening circulation and facilitating
flow recovery mechanisms. Additionally, we identify shear production as the primary
source of turbulent kinetic energy (TKE) downstream of the actuator discs, peaking
above the hub height, particularly at the top tip. The consistently upward buoyancy
flux supports the summertime nocturnal boundary layer dynamics, with heating at the
surface inducing convective buoyancy also producing TKE, observed in our simulations.
Overall, TKE is primarily removed through dissipation and transport.

1 Introduction

Wind power is projected to supply 20% of global electricity demand by 2030 [I]. Turbines extract kinetic
energy from the wind, reducing wind speeds [2]. This extraction modifies the wind flow and influences
turbulence and stratification in the wake region [3, [4 [5]. Changes in stratification are closely linked
to variations in surface temperature gradients and momentum fluxes, particularly in stable atmospheric
boundary layers (ABLs) that are typical of nighttime boundary layers over land, where turbulence is
suppressed and turbulent mixing is weak [6l [7) [5]. Unstable, or convective, conditions can also produce
turbulence through buoyancy production via heating and moistening of the atmosphere from below, typ-
ically at the surface. Typically, convective conditions are encountered when the surface is heated by
the sun or in a marine atmospheric boundary layer (MABL) through evaporation and upward moisture
transport in the atmosphere. Presently, a nighttime MABL is investigated. Unlike nocturnal boundary
layers over land, in the present MABL night-time conditions results in a shallow convective layer. The
layer is shallower than daytime conditions since at night the surface buoyancy flux is reduced. Installing



wind farms can induce local atmospheric changes, affecting vegetation, air temperature, and the dynamics
of the ABL [8, [0 [T0]. Notably, when the ABL is somewhat thicker than the height of the turbines, the
turbulence generated by the turbines is not confined to the hub height but extends throughout the ABL,
further influencing local climatic conditions.

These local changes, resulting from the momentum deficit caused by the turbines and variations in
ABL stratification, are primarily confined to the wake region downstream of the turbines. This wake
region is critical, as it can lead to significant power losses across wind farms when the wake of one or
more turbines affects those further downstream, mainly due to farm layout, wind shear, and ABL stabil-
ity. The (in)stability of the ABL induces local alterations in wind shear directions and buoyancy forcing,
which further complicate the wake dynamics [11], 12, [13]. Moreover, diurnal and seasonal variations of
the ABL affect the transport of heat and the surface release/absorption of heat, momentum fluxes, and
turbulent energy transport [I4]. Numerous studies have focused on wake turbulence and spreading in
neutral, stable, and convective conditions, both with and without considering the Coriolis effect (e.g.,
[15, 16, 17]). These studies highlight the substantial impact of ABL regimes on wind farm wake dynam-
ics. Different ABL regimes can significantly alter the dynamics downstream of wind turbines; however,
most wind tunnel experiments and many engineering models have primarily addressed uniform density
and neutral boundary layer inflow conditions [I8, 19 [20]. As turbine rotor sizes continue to grow, the
role of stratified free troposphere dynamics above the ABL are expected to become more pronounced,
emphasizing the necessity of understanding wake region dynamics under varying conditions. Indeed, in
many regions and seasons, including the South Fork site, turbines seasonally protrude above the ABL
[21, 22].

Efforts have been made to capture the dominant wake dynamics using different models. One-
dimensional (1D) models, based primarily on momentum theory, predict the momentum deficit in the
wake by assuming a self-similar Gaussian profile; however, they often overlook the direct and indirect
effects of atmospheric stratification, limiting their accuracy in turbulent conditions [23] [24]. Engineering
models, such as those from Crespo and Herndndez [25], incorporate empirical turbulence parameters,
but tend to neglect the underlying ABL physics, making them less reliable under varying stability con-
ditions. In contrast, Reynolds Averaged Navier-Stokes (RANS) models and dynamic wake meandering
(DWM) models provide a more comprehensive approach by solving (a form of) the Navier—Stokes equa-
tions, thus capturing more complex wake physics [26] 27, 28, [29]. These models still rely on various
turbulence-modeling assumptions, such as averaging over extended periods and simplifying the degrees of
freedom, which may fail to capture turbulence anisotropy and variability accurately. This is particularly
pronounced in strongly convective and stable atmospheric boundary layers, where the complexities of
turbulent flows can significantly influence wake dynamics and recovery [30} [31].

In the present work, Large-Eddy Simulations (LES) are carried out using uniform actuator discs [32]
representing the 12 turbines, nominally generating 132 MW, built offshore of Montauk, NY. These 12
turbines are part of the South Fork project (https://southforkwind.com), which was completed in March
2024. Using the layout of the South Fork wind farm allows us to capture the wake dynamics and in-
teractions with a fair-weather nocturnal summertime boundary layer, mainly characterized by prevailing
westerly winds. In this study, the inflow and surface forcing conditions are based on a realization of a
weather model using realistic forcing and stratification. Studying wake dynamics under these realistic
conditions enables us to analyze the wake behavior downstream of the farms as they might occur in the
South Fork project. The objectives of this study are twofold: first, to capture the vorticity dynamics and
analyze the competition between strain and vorticity in both the near and far wake regions, with a specific
focus on how these dynamics influence the wake flow; second, to understand the turbulence induced by
the wake and identify the dominant terms in the turbulent kinetic energy budget. This analysis captures
the impact of the wake on the surrounding turbulent and overall circulation dynamics.

The present paper is structured as follows: section 2 describes the LES model and outputs. Section
3 presents the definition of wake regions, wake deficit decompositions, the wake vorticity budget, and
turbulent kinetic energy budget. Section 4.1 analyzes and discusses the wake circulation dynamics.
Section 4.2 describes and discusses the wake energy transfers. Section 5 provides conclusions.

2 LES Data Description
The LES model of Matheou & Chung [33] is used to model the turbulent flow of the MABL over the
South Fork wind farm. The LES model was applied and validated in various atmospheric boundary layer



conditions [34] 35 [36], 37, [38]. The model numerically integrates the density-weighted filtered conservation
equations of mass, momentum, total water mixing ratio and liquid water potential temperature. The
anelastic approximation is used to account for the density variation with height. The conservation
equations are discretized on an f-plane with the fully conservative fourth-order scheme of [39] and an exact
Poisson solver using discrete Fourier transforms to satisfy mass conservation [40]. Time integration uses
a third-order Runge-Kutta scheme. The subgrid-scale (SGS) scheme is a buoyancy-adjusted stretched-
vortex model previously used for neutral and stratified atmospheric turbulence [4T], 42] [43].

In this study, two distinct simulations were conducted to investigate the impact of wind farms on
the atmospheric boundary layer. The first simulation is performed as a baseline to analyze the inherent
turbulence dynamics of the ABL without the presence of the wind farm. The second simulation incor-
porates the wind farm using 12 actuator-disc models to represent the effects of the turbines in the LES.
The actuator disc model uses a uniform thrust coefficient Ct ~ 1.3. The turbine diameter is 200 m and
the hub height is 140 m. A smooth normalized indicator function to distribute the turbine thrust forces
is used [32].

The spatial extent of the simulations is 12 km x 12 km x 1 km in the (z, y, z) dimensions, with
a resolution of 10m across all dimensions. Periodic boundaries are used in the spanwise (y) direction,
while inflow/outflow boundary conditions are applied in the streamwise direction (x). An auxiliary or
precursor LES is used to generate the turbulent inflow condition. The inflow-outflow method described
in [44] is used. The boundary conditions corresponding to the nighttime of June 16, 2020, are used.
The local atmospheric conditions are taken from a simulation using Weather Research and Forecasting
(WRF) model version 4.4 [45]. The WRF model configuration details are described in Zaman et al. [46].
WREF is a RANS model which results in mean atmospheric profiles of wind, temperature, humidity, and
surface conditions. The precursor LES simulation is forced with the WRF-derived mean conditions such
that fine-scale turbulence is generated consistent with the WRF-derived mean fields. A y-z vertical plane
from the auxiliary LES is used as an inflow condition to the main LES simulation which includes the wind
farm. The auxiliary and main LES are concurrent and synchronized [44]. The main LES is a free-running
model without any artificial forcing or nudging, only in the precursor LES forcing is applied such that
realistic turbulent inflow conditions are generated. Both LES simulations are spun up for one hour for
the turbulence in the boundary layer to become established and reach a quasi steady state.

A Rayleigh damping layer is present at the LES domain top boundary to minimize gravity wave
reflections. Surface fluxes are based on a uniform and constant sea surface temperature (SST) and are
modeled using the Monin—Obukhov similariy theory [47]. For the present conditions, the SST is about
2 K warmer than the atmosphere. The surface conditions result in moderately convective conditions,
with domain-averaged latent heat flux 345 Wm~2 and sensible heat flux of about 133 W m™2.

The simulation outputs span 30 minutes with 60-second sampling. These outputs have been coarse-
grained horizontally by 40x40 grid-point boxcar filter. Note that this filter has commutative properties
with derivatives and integrals which is useful to our study.

Only the last 10 minutes of the wind farm simulation are used for the analysis. To match the
simulated time between the two simulations given restart methods, the equivalent 10 minutes of the
baseline simulation (shifted by 6 minutes in comparison to the wind farm simulation) were used as
the period of analysis (Figure not shown). In this way, the two simulations are equivalent in time for
turbulence to grow and be affected by surface fluxes, as well as the inertial oscillation phase and other
aspects of the conditions.

3 Methodology

3.1 Definition of Wind Farms Regions

We have decomposed the actuator discs fields to address the definition of wind farms regions to wake
deficit (wake deficit) and baseline (base) contributions. Each field can be written as a linear combination
of these contributions:

E= Ebase + E'wake deficit (1)

To separate the near wake and far wake downstream actuator discs, we used the minimum locations
(zo and yp) of the wake deficit variance [48]. The wake deficit variance is defined as:

AVar = Var it = Var — Var =0.5x% (u’2 _— + v + W’ —wl, ) (2)
wake deficit base . base base base



Perturbations used to generate the variance are defined as a deviation from a cross-flow y-average over
the whole domain span (L,):

[1]

/_:_I/Ly:dy (3)
Ly 0

Note that the variances themselves are not spatially averaged.

The near wake for each actuator disc is defined as © — xg € [-6D,0] and y — yo € [—2D, 2D], while
the far wake is defined as © — x¢ € [0,15D] and y — yo € [—2D, 2D}, where D (~ 200m) is the diameter
of the actuator disc (Figure [1]).
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Figure 1: The time-averaged wake deficit variance (2) at the hub height. The black dashed boxes represent
the downstream region of each actuator disc. The black dots indicates the location of the 11 actuator
discs. The green dots indicates the location of the extremal wake deficit variance in each wake.

3.2 Wake Dynamics

For simplicity, the farm-scale variations in wakes will be neglected in this study. Thus, the wake dynamics
will be assessed using the composite average, after aligning the location of the actuators, of the actuator
discs’ strain ¢ and vertical vorticity (, in the different boxes illustrated in Figure [l as defined below:
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where N = 11 is the total number of actuator discs used in the composite (see black dots in Figure [I]).
We also aggregate the occurences of pointwise wake strain and vertical vorticity over the wakes of
the 11 actuator discs analyzed. This aggregation provides statistics for the joint probability density
function (JPDF) of strain and vorticity, as well as the conditional mean of divergence or other properties,
as previously done in oceanic boundary layer studies of heterogeneous flows [49, 50]. To analyze these



statistics, We divided the jPDF and conditional mean into three distinct regions: anticyclonic vorticity-
dominated (AVD) regions (¢ < 0 and ¢ < |(]), cyclonic vorticity dominated (CVD) regions (¢ > 0 and
o < [¢]), and strain dominated (SD) regions (o > |(]).

Finally, we will link these dynamics to the composite- and time-averaged vertical vorticity budget
for the composite disc wake to understand which terms are dominant in each region of the wake. The
actuator discs vertical vorticity budget is given below:

- 1
O, + up - Vil w0, = (¢ + ), w+wp - Vyw+ —2(Vp x Vp) - k+Residuals
—— N—— —_—— N—— P

hadv Vadv Stretching Tilting

(6)

Baroclinic Torque

where the terms on the right hand side from left to right are: the vorticity stretching (Stretching), the
vorticity tilting (Tilting), the baroclinic torque and Residuals (mainly viscous torque and drag forcings
curls caused by the actuator discs).

3.3 Wake Turbulence
Here we will define the actuator discs turbulent kinetic energy (TKE) budget analyzed in section 4.2. Here
we define the TKE as the average of the deviations from the cross-stream average (i.e., the cross-stream
averaged in the boxes displayed in figure [1))

The TKE budget is given below:

% TKE Transport
ok 0] 1 0 /— —0u; —
Ok + Ui = —ululul - —— (u’p’) - W= w'b’ +Residuals (7)
J 8xj al‘j Jo Lo 856j J v &nj ~ .
—— Buoyancy Production
TKE advection Tyt TrP Shear Production

where k = %(ulu]), po is the mean air density, TKE Advection is the advection of the actuator discs
turbulent kinetic energy by the mean flow, Shear Production is a source of TKE (conversion from mean to
turbulent kinetic energy), Buoyancy Production is the vertical buoyancy flux (conversion from turbulent
potential energy to turbulent kinetic energy), TrP and Tr' are the Transport of TKE by pressure and
turbulence (Turbulent kinetic energy divergence and/or convergence), and residuals which are mainly
Subgrid-Scale terms and turbines contributions. These budgets have been evaluated in each region of the
farm and time averaged over the period of analysis.

4 Results

4.1  Wake Circulation dynamics

In this section, we will describe the actuator discs’ downstream dynamics at the hub height, focusing on
the characteristics of flow set out by the strain and vorticity pattern of the wake (Figure . Then, we
will analyze the composite average of the actuator discs’ composite wake vorticity budget.
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Figure 2: (a) and (b): Composite- and time-averaged strain and vertical vorticity at hub height, with green
and cyan dashed boxes representing the near and far wake regions of the composite wake, respectively. (c)
and (d): Aggregate JPDF of strain (vertical axis) and vertical vorticity (horizontal axis) normalized by
the Coriolis parameter for near and far wake at hub height. (e) and (f): Conditional mean of horizontal
divergence for near and far wake as a function of strain and vorticity at hub height.

At the hub height, the vertical vorticity and strain fields exhibit a nearly symmetric distribution down-
stream the actuator discs (Figure . In the near wake, straining motions and vortical structure coexist
(Figure [2h and ) Their coexistence highlights distinct cyclonic and anticyclonic vortices separated by
the wake axis ({, ~ 0). These cyclonic and anticyclonic features have relatively similar signatures in the

strain vorticity fields (C—fz ~ £98). In the far wake, the quasi-symmetric signatures of strain and vortic-
ity decrease sharply, reflecting a transition to vortices breakdown and a more stable flow configuration
induced by far-wake flow recovery [51].

These symmetric signatures in both regions are also revealed by the joint distribution of strain and
vorticity highlighting a Gaussian-like structure in cross-section with fixed vorticity or strain (Figure
and ) This pattern is in good agreement with previous studies revealing the Gaussian distribution
of the wake flow circulation [52]. In this distribution, the majority of the contribution (i.e., the most
probable conditions) comes from the coexisting strain and cyclonic/anticyclonic regimes (JPDF > 0.2).
In these regimes, the horizontal divergence is negative (convergent, more upward vertical velocity aloft)
in the near wake (Figure [2¢) and positive (divergent, more downward vertical velocity aloft) in the far
wake (Figure [2f). The near-wake horizontal convergence favors vertical vortex stretching (9,w > 0),
for enhancement of ambient vorticity and therefore a circulation/enstrophy intensification (Figure not
shown). In contrast, divergent flows in the far wake indicate vortex squashing (9,w < 0) and thus tend
toward a slower rotation rate and therefore a weakening in the circulation/enstrophy (Figure not shown).
The far-wake divergence is part of the wake recovery mechanism which has been related in previous
studies to lateral and vertical Reynolds shear stress gradients [53].

These dynamics are closely related to the vortex stretching and tilting, which are the main sources
and sinks of circulation intensification or weakening. In the near wake, the cyclonic region (coexistence
of strain and vorticity region) is subject to positive stretching and negative tilting; in contrast, the
anticyclonic region is subject to negative stretching and positive tilting (Figure [3a and b). This indicates
that both cyclonic and anticyclonic vortices are stretched, intensifying their circulation. This circulation
intensification is accompanied by tilting converting streamwise vorticity into vertical vorticity with upward



motions along the wake axis. However, in the far wake, both vortices experience squashing which slows
their circulation ﬁgure ) In the far wake, both stretching and tilting contributions decrease vertical

vorticity (Figure [3d). The volume-averaged budget reveals a slower rotation rate downstream of the

actuator discs (%t < 0) as the signs of vorticity tilting and stretching oppose the flow vorticity in both

anticyclonic and cyclonic regions (Figure [3g). This analysis connects the convergence, stretching, and
tilting patterns in explaining the far-wake flow recovery due to a slowing down circulation. Previous
studies [54] have shown similar dynamics related to tip vortices.

In summary, downstream of the farms, vortex stretching intensifies vorticity in the near wake, inten-
sifying the circulation while tilting produces streamwise vorticity with upward motions along the wake
axis. Meanwhile, both stretching and tilting reduce ambient vertical vorticity in the far wake and weaken
the circulation as part of the flow recovery mechanisms.
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(d): Far Wake conditional mean of stretching and tilting in the far wake. (e): Volume-averaged vorticity
budget (includes both cyclonic and anticyclonic regimes) terms downstream of the actuator discs.



4.2 Wake Energy Transfers

In this section, we describe the turbulence production downstream of the actuator discs, diagnosing the
wake deficit mean flow in both the near and far wake, and linking this deficit to the turbulent kinetic
energy (TKE) budget.

Downstream of the actuator discs, most of the kinetic energy is extracted in the streamwise direction,
as illustrated in Figure[d] The streamwise velocity deficit increases below the hub height, peaks around
it, and subsequently decreases above, indicating a pronounced impact on the inflow dynamics (Figure
4h). Additionally, the actuator discs influence vertical motions; specifically, the positive wake deficit
vertical velocity increases below the hub height and diminishes significantly at heights greater than 200
m, highlighting intense vertical motions within the wake (Figure ) This wake deficit also affects
stratification, with temperature and humidity showing weak to moderate changes, particularly above the
hub height, where the local environment becomes more humid (Figure [4¢), consistent with the horzontal
convergence and vertical stretching noted to be important for vorticity above. Notably, while these
effects diminish in the far wake—especially concerning wind velocity—the wake deficit continues to play
a crucial role in stratification, even above the hub height. This effect aligns with findings in the literature
of observed wake patterns, where similar patterns of kinetic energy extraction and stratification changes
have been documented [55] [56]. These variations in kinetic energy and stratification are linked to energy
dissipation and turbulent production in the wake region.

—— Near Wake ---- Far Wake

400

350

N w
(o)) o
o (=}

Height [m]
N
(=)
(e}

150 T
100 1]
\
\
50 Y
!
0 1 1 1 1 1 1 1 L 1 O 1 7
-10 -5 -1 0 0.0 0.5 -0.05 0.00 0.0 2.5
Uwake defici Vwake defici Wwake defici i wake defici
kU:f t [%] kU:f t [%] IL'Bdf t [%] ewakg:eﬂat [%] q kq;f t [%]

Figure 4: Wake deficit streamwise (a), spanwise (b), and vertical (c) velocities normalized by base flow
magnitude. (e) and (f): Potential temperature and humidity normalized by base flow values. The black
dashed line indicates hub height.

The variations in wake deficit velocity are associated with turbulent kinetic energy (TKE), which
exceeds the base flow TKE, as shown in Figure and Figure The TKE is particularly intense in
the near wake, between the bottom tip and top tip of the actuator discs. The primary source of this
intensification is the production term of turbulent kinetic energy (DD—lt‘), as illustrated in Figures and
Bk. This term reaches its maximum above the hub height, where most of the conversion from mean
kinetic energy to turbulent kinetic energy occurs near the top tip. In contrast, in the far wake, shear
production acts as a sink for turbulent kinetic energy, suggesting that background mixing becomes crucial
for facilitating flow recovery. Overall, the production of TKE in the near wake exceeds its sink in the far
wake, as shown in Figure[5ld. Downstream of the actuator discs, the transport term acts to remove TKE,
while production serves as the main source, with buoyancy flux remaining positive—typical of nocturnal
summertime boundary layers. These results align well with [57], where it is shown that shear production



and dissipation peak around the top tip, while the transport term removes TKE from regions above the
wind farm and redistributes it below.

In summary, the main source of turbulent kinetic energy downstream of the actuator discs is shear
production, peaking above the hub height, particularly at the top tip. The consistently positive buoyancy
flux corroborates the dynamics of nocturnal boundary layers. Overall, TKE is generally removed through
dissipation and transport.
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Figure 5: (a): Composite time-averaged actuator disc TKE normalized by base flow TKE, with green and
cyan dashed boxes for near and far wake regions, and horizontal black and pink lines for hub height and
actuator disc tips. (b): Scatter Plot of the material derivative of TKE as a function of shear production
and Buoyancy production from the bottom tip to the hub height. (c): same as (b) from the hub height
to the top tip. (d): Volume-averaged TKE budget terms downstream of the actuator discs.

5 Conclusions

We have investigated turbulence and circulation dynamics in the wake regions of the South Fork wind
farms under realistic nocturnal forcing conditions. The main findings are that, downstream of the farms,
tilting and stretching serve as sources of vorticity in the near wake, intensifying circulation and leading
to convergent (upward) motions. Conversely, stretching and tilting act as sinks of vorticity in the far
wake, weakening circulation and potentially facilitating flow recovery mechanisms. Additionally, shear
production is the primary source of turbulent kinetic energy (TKE) downstream of the actuator discs,
which peaks above the hub height, particularly at the top tip. The consistently positive buoyancy
flux corroborates the dynamics of nocturnal summertime boundary layers, including a (small) positive
buoyancy production indicating convection, while TKE is generally removed through dissipation and
transport.

Future work will investigate the variability of these dynamics across convective, neutral, and stable
boundary layers, considering the strength of stratification and variable inflow directions and magnitudes.
We will also adopt an alternative perspective to mean TKE and vorticity budgets by employing structure
functions [58] budgets that are not as reliant on filtering, as done in this study. This approach will



reveal turbulent length scales and the interactions between the wake, wake-to-wake dynamics, and the
surrounding environment while being less sensitive to (arbitrary) choices of filter.
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