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Abstract

The objective of this work is to investigate the effects of bathymetric variations on the mesoscale ocean
response to offshore wind farms, with particular focus on wind-driven upwelling and downwelling,
using a novel multiscale, multi-fidelity modeling framework. The framework couples high-fidelity large-
eddy simulations (LES), which resolve turbine wakes and turbulent mixing, with a two-dimensional
shallow water model of the ocean featuring a diagnostically reconstructed vertical velocity, so that the
circulation response can be represented over extended spatial and temporal scales while preserving
the key features of the flow. A preliminary statistical analysis, based on the shallow water model
forced by an idealized Gaussian wind stress and on a full factorial design of experiments, identifies
the wind speed as the dominant controlling parameter, with basin depth and wind farm size playing
comparable secondary roles and latitude a minor one. LES of a turbine row representative of the
Horns Rev 1 wind farm are then performed with an in-house code and validated against manufacturer,
experimental and literature data. The LES velocity field is upscaled to the mesoscale by means of
physics-based response surfaces, and the resulting wind stress is used to force the shallow water
model over flat and ramped bathymetries. The results show that even mild bathymetric gradients
dominate the horizontal circulation, whereas the surface elevation dipole remains discernible and the
wind-stress-driven Ekman contribution to the vertical velocity remains clearly identifiable within the
present diagnostic reconstruction.

Keywords: wind farm, ocean circulation, Ekman pumping, large-eddy simulation, shallow water equations,
response surface methodology

Article hlghllghts ® Even mild bathymetric slopes dominate the hor-
izontal circulation induced by an offshore wind
® A multiscale LES-shallow-water framework farm.

couples turbine-resolved wakes to the mesoscale
ocean response.

® Wind speed dominates wind-farm-induced
upwelling; farm size and basin depth follow,
latitude matters least.

1 Introduction

Offshore wind capacity has been growing rapidly
worldwide [20, 49], and large wind farms are



increasingly deployed in shallow shelf seas, where
their interaction with the underlying ocean cannot
be neglected. Over the past two decades, several
studies have analyzed the impact of offshore wind
farms on surface ocean variability and circula-
tion [36]. The results obtained strongly depend
on the simplifications and assumptions made in
the construction of the models. Thus, there exists
some discrepancy in the results based on the
parametrization used by the different authors.

Brostrom [6] first investigated the potential
environmental impacts of offshore wind farms
on local ocean circulation. Using a simplified
analytical model, he showed how a large wind
farm could alter local wind patterns and, conse-
quently, the surface ocean response. He primarily
employed a reduced gravity model, simulating
two layers of water with different densities [46].
Brostrom showed how large wind farms can gen-
erate a coherent structure of upwelling and down-
welling, which the model represents as thinning
and thickening of the surface layer, i.e., as ver-
tical water motions toward the surface or the
bottom. Brostrom suggested that these processes
could affect temperature, primary productivity,
and local ecosystems.

Paskyabi and Fer [33] used simplified numeri-
cal models to analyze the response of the surface
ocean to the presence of wind farms accounting
for the influence of surface waves. They repre-
sented a wind farm as a fixed rectangular region
and described the associated wind deficit using a
U-shaped profile. The results showed strong agree-
ment with those of Brostrom and highlighted a
pronounced sensitivity of the oceanic response to
wave forcing at the surface.

In a subsequent study by Paskyabi [32], mul-
tiple wind farms in shallow waters were analyzed.
By combining empirical wake models with 2D
and 2DV (namely, 2D models with prognostic
vertical velocity) oceanic models, the study high-
lighted how ocean dynamics can be modified in
terms of turbulent mixing, wave propagation, cur-
rents, stratification, and upwelling processes. The
results showed that the presence of the wind
farm modifies the stratification of the water col-
umn compared to reference conditions, generally
amplifying the effects on local circulation.

Ludewig [28] showed that sustained winds
blowing from a constant direction at moderate

speeds over several hours are required to gener-
ate a surface elevation dipole in the ocean. Under
these conditions, the resulting circulation cells can
extend over tens of square kilometers, leading to
thermocline displacements and enhanced vertical
mixing.

Segtnan and Christakos [39] investigated the
impact of wind farm configuration (turbine lay-
out, rotor size, hub height) on vertical circulation,
using highly simplified models for the wind turbine
wakes. The simulations, spanning two days, com-
pared two wind farm layouts: one with straight
rows and one with curved rows. The results
showed that the wind farm layout influences the
wind stress and, consequently, the ocean verti-
cal velocity as well as the local upwelling and
downwelling patterns. In shallow waters, these
variations are primarily due to changes in the hor-
izontal flow introduced by the wind farm, rather
than by Ekman pumping.

Finally, Raghukumar et al. [35] studied the
effects of wind farms on the Californian coast.
Their analyses indicated that the wind farms alter
the wind stress gradient, reducing upwelling near
the coast and increasing it further offshore. Over-
all, the average intensity of upwelling shows little
variation, but the local pattern is altered, with
potential implications for marine ecosystems.

The early studies reviewed here provided a
qualitative description of the upwelling and down-
welling mechanisms arising near wind farms,
whereas more recent works have focused on real-
world case studies. Nevertheless, there remains
significant scope for deeper investigations using
low-fidelity models, particularly because statisti-
cal analyses of these phenomena are still limited.
In particular, a systematic characterization of
upwelling and downwelling dynamics in relation
to wind farm configurations and environmental
variables is still lacking.

The present work addresses this gap with
a twofold contribution. First, a systematic sta-
tistical characterization of wind-farm-induced
upwelling and downwelling is carried out with a
two-dimensional shallow water model forced by an
analytical (Gaussian) wind stress, quantifying the
influence of latitude, basin depth, wind forcing and
wind farm size through a full factorial design of
experiments. Second, a multiscale, multi-fidelity
framework is proposed in which the wind field



over a real wind farm (Horns Rev 1) is obtained
from large-eddy simulations (LES), extended to
the mesoscale by physics-based response surfaces
and used to force the shallow water model; to our
knowledge, this is the first direct coupling between
an ocean model and an LES-informed wind field
reconstructed at the scale of an entire wind farm.
The framework is then used to investigate the
effects of bathymetry variations, which have so far
received limited attention. In all cases the vertical
velocity is diagnostically reconstructed from the
depth-averaged solution, trading the completeness
of fully 3D approaches for transparency and low
computational cost. The paper is organized as fol-
lows. Section 2 presents the shallow water model
and the vertical velocity reconstruction; Section 3
reports the statistical analysis; Section 4 describes
the LES solver, the Horns Rev 1 setup and the
mesoscale reconstruction, together with their vali-
dation; Section 5 presents the coupled results over
flat and variable bathymetry, and Section 6 draws
the conclusions. The validation of the in-house
shallow water solver is reported in Appendix A.

2 Shallow Water Model

The shallow water equations (SWE) adopted in
this work are solved for the depth-averaged hor-
izontal velocity of a rotating ocean basin, T =
(u,7)", and for the water column height h(z, y, t),
under the forcing of a surface wind stress T =
(Tz,Ty)T and of a non-flat bottom described by
the bathymetry function b (z,y), as illustrated in
Fig. 1. Throughout the paper the overbar denotes
depth averaging, n = b+ h is the free-surface ele-
vation measured from the reference datum z =
0, and the sea surface height anomaly (SSHA)
denotes the departure of n from its value at rest.

The following nondimensionalization of the
variables is used

v *
T h = Tr >
0

where L is the characteristic dimension of the wind
farm, Hj is the mean water column height at rest,
Uy is the characteristic velocity, and f is the Cori-
olis parameter. The nondimensional components
of the imposed wind stress can be written instead

Fig. 1 Schematic of the 2D rotating shallow ocean prob-
lem with external wind forcing and non-flat bathymetry

as
* Ta * Ty
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where A7 represents the characteristic wind stress
variation induced by the wind downstream of the
wind farm, as introduced by Brostrém [6].

Now, in the absence of wind stress forcing,
the problem is defined by only two nondimen-
sional groups. The nondimensional equations can
be expressed, for example, in terms of the Rossby
and Burger numbers [46], defined as

Tz

gHo
Ro=— and Bu=-“"—,
fL (fL)?

where ¢ is the gravitational acceleration. Both of
the considered numbers describe the dynamics of
oceanic basins where the Coriolis force cannot be
neglected. That said, the SWE employed herein
are rewritten in vector form as

oh*
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One immediate observation from Eq. (1) is that,
with the characteristic velocity

and
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suggested by the Ekman balance, the wind stress
and Coriolis terms are of comparable magnitude.
The pressure-gradient and bathymetric terms
both carry the factor Bu/Ro, which is much
greater than one in the cases considered (typically
Ro ~ 1072 and Bu ~ 103 in the configura-
tions of Sections 3 and 5); they must, however,
be considered jointly, since they combine into
(Bu/Ro) h*V*n*, with n* = h* + b*, and exactly
balance for a lake at rest (n* = const). The
dynamical relevance of bathymetry can there-
fore not be inferred from the prefactor alone: it
depends on how the bottom topography modi-
fies the evolving free-surface and depth-averaged
velocity fields, an aspect that is examined numer-
ically in Section 5.2.

2.1 Numerical Code

A 2D shallow water model, when incorporating a
bathymetric forcing, can be numerically prone to
instability [53]. Therefore, the method proposed
by Ziveri [54] is chosen to include the bathymet-
ric forcing and ensure a stable, constant solu-
tion (namely, to achieve a still-water equilibrium-
preserving scheme). Part of the numerical setup of
the schemes is also taken from Ziveri [54].
Specifically, a numerical model based on the
MUSCL scheme with flux limiter, FORCE-type
flux reconstruction with Minmod limiter, and
time integration using the Strang splitting algo-
rithm [45] is employed. The finite-volume trans-
port step is explicit in time, with Courant num-
bers between 0.9 and 1 in the cases reported
in Appendix A, and it preserves the still-water

equilibrium in the presence of bathymetry (well-
balanced property) [54]. The only boundary condi-
tions implemented are of the open boundary type,
as employed, for example, by Ludewig [28]. Specif-
ically, extrapolation-type boundary conditions are
used, which correspond to homogeneous Neumann
conditions (zero gradient), which provide a sim-
ple, approximately transmissive treatment for the
long waves considered here and were found to pro-
duce limited reflection in the validation cases of
Appendix A.

The scheme is formally second-order accurate
in space and time, with the two half-steps of the
Strang splitting devoted to the source terms and
the intermediate full step to the hyperbolic (trans-
port) problem, whose finite-volume update also
incorporates the bathymetric source term. The
Coriolis and wind-stress sources are advanced with
a Crank-Nicolson (0 = 1/2) scheme: since the
Coriolis term is linear in the conserved variables
and the wind stress does not depend on them, the
implicit update reduces to the inversion of a con-
stant 3 x 3 matrix involving the Jacobian of the
Coriolis source. The computational cost of a typ-
ical mesoscale run of Sections 3 and 5 is of the
order of minutes.

A number of validation cases for the in-house
SWE solver Q3DFLOOD (Q3D Finite voLume
Ocean mODel), implemented in MATLAB, are
reported in Appendix A.

2.2 Diagnostic Vertical Velocity

Although the 2D shallow water model does not
explicitly resolve the vertical velocity, it is possible
to reconstruct a simplified representation based on
a set of idealized physical assumptions, thereby
obtaining reasonable qualitative insights into the
Ekman vertical velocity as well. The reconstructed
quantity should therefore not be interpreted as
a prognostic prediction of the three-dimensional
vertical circulation, but as a diagnostic estimate
consistent with the depth-averaged solution and
with the imposed wind stress curl, under the
assumptions introduced below.

One possible approach to model the vertical
velocity is to prescribe its profile, as illustrated, for
example, by Lu et al. [27], where an Ekman verti-
cal velocity profile is imposed, characterized by a
sinusoidal decay that goes to zero both at the sur-
face and at the depth of the pycnocline, with the



maximum velocity located at the bottom of the
top Ekman layer. Other studies, in contrast, solve
prognostically for the vertical velocity profile using
2DV or 3D models [2]. The current work proposes
instead a first-order reconstruction of the vertical
velocity. The following model is based on Ekman’s
theory for a barotropic ocean, as described, for
example, by Cushman-Roisin and Beckers [12].

In a well-mixed basin of constant and moder-
ate depth Hy, three zones are distinguished: the
upper Ekman layer, the lower Ekman layer, and
the interior layer between them [12]. The velocity
at the base of the upper Ekman layer, driven by
wind stress, is given by [46]

1
wh = —(V x 1),
8= 7 )

while the velocity at the top of the lower Ekman
layer is [46]

B 1
wE = —(V x1g),
L pwf( 2

where T 5 is the bottom stress. When working with
depth-averaged velocities, 75 should contain con-
tributions from the surface stress because the two
Ekman layers are not fully independent [13]. Their
coupling depends on the ratio Hy/d, where the
Ekman layer thickness d is [46]

2v

f )

with v a characteristic vertical eddy viscosity. For
Hy/d 2 2, however, the wind influence on the
bottom layer becomes negligible [13].

At this point, it is important to recall that,
as discussed in Section 2, the bottom friction
was neglected in the construction of the model.
Although bottom pumping directly depends on
bottom friction, it is not immediately obvious that
neglecting bottom pumping in the reconstruction
of the Ekman vertical velocity is equally justi-
fied. However, this is physically motivated: it is
well known in the literature that the velocity
w& depends linearly on the height of the bottom
Ekman layer [46], which in turn becomes small if
the bottom shear is small.

It is therefore proposed to linearly interpolate
the only three vertical velocity values available in

d:

the water column. The first is w(n) at the free
surface, which is set to zero: this amounts to a
rigid-lid approximation, justified by the fact that
surface elevation gradients are small for the phe-
nomena considered here, and it keeps the model
simple. The second is wk, imposed at a distance
dg below the surface and referred to simply as wg
hereafter. The third is the bottom velocity wg,
which has been assumed to vanish so far but does
not in general: with non-flat (and non-deforming)
bathymetry it can be determined as [18]

wg ~Uu- Vb,

which, strictly speaking, is a term that acts within
the bottom Ekman layer and does not depend on
the layer’s height [52]. Note that wp should be of
the same order of magnitude as wg; otherwise, a
linear interpolation between the two may not be
physically meaningful. A graphical representation
is provided in Fig. 2.

z
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Fig. 2 Proposed first-order reconstruction of the vertical
velocity profile

Before proceeding further, it is useful to clarify
the physical motivation and the limitations of the
proposed linear reconstruction. A physical argu-
ment for a low-order profile of w between the base
of the top Ekman layer and the bottom (after
neglecting the velocity at the top of the bottom
Ekman layer, as discussed above) can be drawn
from the S-plane vorticity balance [46]: stepping
momentarily out of a purely 2D context, one can
write [12]

ow

9 fo
and since in the interior layer the horizontal veloci-
ties practically do not vary with depth [12], Ow/0z
is approximately uniform within this layer. The
shallow water model is solved here on an f-plane,



so that this argument should be regarded as a
motivation rather than as a derivation: the linear
interpolation is a first-order closure that satisfies
the available boundary and interface constraints,
not a complete representation of the vertical struc-
ture. The profile between w(n) and wg is likewise
interpolated linearly for modeling simplicity; it is
the only part of the profile that is, strictly speak-
ing, prescribed rather than physically motivated,
although it still satisfies the boundary condition
imposed at the water surface.

Finally, the thickness of the top Ekman layer,
dg, must be estimated. This can be done empiri-
cally as [27]

04 [|Ir]] 04 [7
dE = T =,
f \/ Puw f \/,07
where, for simplicity, it is assumed constant along
the entire basin, with f being constant and where
To is a characteristic wind stress, such as the undis-
turbed wind stress (not A7). Note that dg is the
empirical counterpart of the Ekman depth d intro-
duced above; since v is not known a priori, dg is
used operationally in the criterion Hy 2 2dg.
It is proposed herein to linearly interpolate the
velocities

w (n) =0,
1 oT, 0Ty
wlr—de)=we = ;1 (-G,
ob b

w(b) =wp :ﬂ% va—y.

Explicitly, for Hy > 2dg, the vertical velocity is
given by

g
w3+(wE—wB)— 0<o<og
OF
w =
l-o0 ’
WEg cp <oc<l1
]-*O'E

where the o-coordinate [41] is defined as

and the parameter og as

n—dE—b
op = ——F—.
= h

For Hy < 2dg, and in the absence of additional
physical information, it is proposed to assume
op = 0.5, and consequently write

wp + 2 (wg —wg)o 0<o0<0.5

2wg (1 —0) 05<0o<1
Now, according to Cushman-Roisin and Deleer-
snijder [13], it is found that the Ekman vertical
velocity, for a very shallow basin (Hy < d) and
working with vertically averaged velocities, scales
linearly with the height of the basin itself, reach-
ing zero as Hy — 0. Therefore, it is proposed to
reconstruct w, for Hy < 2dg, as

w=wF, (3)

where F = Hy/(2dg) is a linear function that
goes from 0, for Hy/dg = 0, to 1, for Hy/dp =
2. Although the actual scaling of w with depth
is not perfectly linear within the considered
range of Hy/dp (again, according to Cushman-
Roisin and Deleersnijder [13]), the proposed lin-
ear approximation does not introduce significant
error compared to the results of Cushman-Roisin
and Deleersnijder [13]. In the variable-bathymetry
cases of Section 5.2, F is evaluated with the local
water-column depth h(zx,y,t) in place of Hy.

Given the simplicity of the presented model,
its validation is based on two main checks: the
correct computation of the Ekman vertical veloc-
ity, and that of the velocity at the bottom. In
the first case, the reconstructed Ekman vertical
velocity was checked against the values reported
by Eliassen [16] for a Gaussian wind-stress dis-
tribution with L = 5 km, 70 = 0.1N/m? and
A7 = 0.05N/m? (the stress model of Section 3);
since wg follows analytically from the imposed
stress curl, the agreement is essentially exact, with
residual differences attributable only to the dif-
ferent discretizations. The second check can be
carried out directly on the results reported in
Section 5.2, without the need for a dedicated
section. Accordingly, in the remainder of the paper
the reconstructed vertical velocity is used to iden-
tify the location and the indicative magnitude
of wind-farm-induced upwelling and downwelling,
rather than as a fully resolved three-dimensional
velocity field.
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Fig. 3 Imposed z-direction wind stress, constant in time

3 Statistical Analysis Based on
a Gaussian Wind Stress
Model

For the statistical analysis, an analytical (Gaus-
sian) wind stress model is employed, specifically
the one proposed by Brostrom [6].

The effective wind stress acting on the ocean
basin is assumed to have components

9 2
T(2,y) = 70 — AT exp (— <04L—?|iﬂx> >

max (% e o/ E O) (4)

and
Ty (3’" y) =0,
with a, = 0.8, 5, = 0.2, and A7 = 0.579 (Fig. 3).
A constant wind stress upstream of the wind
farm, unaffected by disturbances, is assumed to be

70 = paCplWio|?, (5)

with p, = 1.2kg/m3 being the air-side den-
sity [33] (the LES of Section 4 adopts the standard
sea-level value 1.225kg/m?; the 2% difference is
immaterial for the present purposes), Cp the wind
drag coefficient calculated by Smith [43] with the
correlation

Cp = (0.61 4 0.063|[uy0||) 1072,
and |[Tyo|| the modulus of the undisturbed wind

speed at 10 m above sea level, here assumed
uniform and directed along the positive x-axis.

When a Gaussian wind stress is used to force
a shallow water model, several parameters can
be identified that influence upwelling and down-
welling motions. In particular, the following anal-
ysis focuses on the geographical location of the
wind farm and the wind characterization, the lat-
ter being in turn dependent on the design of the
wind farm itself.

The geographical location of the wind farm is
undoubtedly characterized by the latitude ¢, but
also by the average depth Hy. The wind model
described by Eq. (4) is primarily characterized by
[[T10]|, and by the characteristic length of the wind
farm, L.

Building on this, two output variables are
defined to quantify the upwelling response, namely

UI = max{—SSHA},
WEK =max{w(c =0g)}, (6)

where UI represents the maximum surface
anomaly in the upwelling zone (hence the neg-
ative sign), and WEK represents the maximum
vertical velocity in the top Ekman layer (also in
upwelling). The maxima in Eq. (6) are evaluated
over the entire ocean basin, and the two objective
functions are therefore expressed as functions of
the form

UI =UI (Ho, L, |[t10|], ),
WEK = WEK (Hy, L, |[tyol], ¢) -

Table 1 Design variables and corresponding
levels

Design variable Levels

Depth at rest (Ho) 30, 90, 150 m
Characteristic length (L) 3,5, 7 km
Wind speed at 10 m (|[t10]]) 2.5, 5, 7.5 m/s
Latitude () 30°, 45°, 60°

Table 1 shows the levels of the chosen design
variables. The design of experiments (DoE) is a
full factorial 34, i.e., 81 runs. All runs share the
same numerical setup: a 100 x 100km? domain
discretized by a 101 x 101 grid, a Courant number
of 0.9, and an initial condition at rest (h = Hy,
u =7 = 0). Each case is advanced for 5 days, and



both indicators are evaluated at the end of the
run.

The range of Hy covers shallow to moderately
deep shelf basins and is chosen so that the shal-
lowest level falls in the regime Hy < 2dg, where
the reconstructed vertical velocity depends on the
depth (Section 2). The characteristic length L and
the wind speed at 10 m are selected from the liter-
ature [33]. The latitudes span a wide range, from
about 30°N (the latitude of Houston, Texas) to
60°N (close to that of Anchorage, Alaska).

100

mUI
mWEK

% (%)

Hy L ([Tl ®

Fig. 4 Normalized main effects M of the design variables
on the two upwelling indicators

Figure 4 shows the normalized main effects
M of each design variable X on the two indi-
cators, expressed as percentages. For each design
variable X with Ly = 3 levels, the main effect
is computed as Mx = Zfle (Y x=; — Y)?, where
Y e {UI,WEK}, Y x—; is the response averaged
over all runs with X held at its i-th level, and Y is
the overall mean over the 81 runs; the normalized
effects M =100 Mx />y, Mx/ thus sum to 100
by construction. As expected, the wind speed is by
far the most influential parameter (about 50% for
UI and 77% for WEK). The basin depth and the
characteristic length of the wind farm have effects
of comparable magnitude, both larger on U than
on WEK. The latitude, i.e., the Coriolis param-
eter, has a marginal influence on the magnitude
of both indicators (about 5% or less), although
it plays an important role in shaping the spa-
tial structure of the solution: varying the latitude
rotates the dipolar SSH A pattern, while leaving
its overall excursion nearly unchanged (not shown;
see also Section 5).

Ul

PCC

WEK

H, L ([Tl ®

Fig. 5 Matrix of Pearson correlation coefficients (PCC)
between design variables and upwelling indicators

Finally, Fig. 5 shows the matrix of Pear-
son correlation coefficients (PCC) between design
variables and upwelling indicators, computed fol-
lowing the same procedure as in Della Monica
and Bernardini [14]; each entry quantifies the sign
and strength of the linear association between the
corresponding pair of variables. As expected, the
wind speed at 10 m is strongly and positively cor-
related with both indicators (PCC = 0.58 for UT
and 0.78 for WEK). Less obvious is the oppo-
site response of the two indicators to the depth:
as Hy increases, UI decreases (PCC = —0.33)
while WEK increases (PCC = 0.24). The depen-
dence on the characteristic length L shows the
reverse pattern (U1 increases, PCC = 0.45; WEK
decreases, PCC = —0.26), a trend recently high-
lighted also by Eliassen [16]. The correlations with
latitude are weak (|[PCC| < 0.19) and of oppo-
site sign for the two indicators: higher latitudes
slightly reduce the maximum Ekman velocity, con-
sistently with the 1/f scaling of wg, and slightly
increase the surface anomaly.

4 Wind Farm LES Modeling

The statistical analysis of Section 3 relies on an
idealized, analytical description of the wind stress.
To investigate the role of bathymetry under a
realistic forcing, an alternative approach is now
pursued: the wind field over a real wind farm
is obtained from LES performed with the in-
house computational fluid dynamics (CFD) code
UTD-WF [37], developed at the University of
Texas at Dallas, and is then upscaled to the



mesoscale before being used to force the shal-
low water model. This section describes the LES
solver (Section 4.1), the multi-domain strategy
adopted to extend the LES field to the scale of an
entire wind farm (Section 4.2.1), the Horns Rev 1
setup (Section 4.2.2), and the validation of both
the LES (Section 4.2.3) and the reconstruction
(Sections 4.2.4 and 4.2.5).

4.1 UTD-WF Code

In this section, following the usual LES nota-
tion, a tilde denotes filtered quantities, whereas
the overbar denotes time averaging (as in the
figure labels of Sections 4.2.4 and 4.2.5), in con-
trast with Section 2, where it denotes depth
averaging. The UTD-WF code solves the filtered
Navier—Stokes equations for incompressible flow in
nondimensional form. The governing equations are

8(71 8(72(7j - —@—‘ri 62[71 _ aTij
ot dr;  Ox; Redz;j0x; Oz
oU; _
8£Ej n

+ fi,

0.

Here, [71' and P denote filtered velocity and pres-
sure, while f; represents body forces account-
ing for turbine blades. The Reynolds number is
defined as Re = Uy D/v, where Uy, is the inflow
velocity, D the rotor diameter, and v the kine-
matic viscosity; in the present simulations Re =
5.44 x 107, corresponding to full-scale atmospheric
conditions.
The subgrid-scale (SGS) stress tensor is

— ~ o~

Tij = UZ‘Uj — UZUJ

The deviatoric SGS stresses are modeled using the
Boussinesq hypothesis,

3~- aNV B
d Lz U
T T e (8% - 8xj> = "2

where §Z-j is the filtered strain-rate tensor and vsg
is the SGS eddy viscosity. The classical Smagorin-
sky model [42] is adopted, as in [9], that is

ngs = (053)2\/ 2§ij§ija

with filter width
8 = (A.’I}lA.’Ing.’Eg)l/S.

The tower and nacelle are modeled using the
Immersed Boundary Method (IBM) [31], which
enables representation of complex geometries on
a Cartesian grid. Grid points located inside the
solid body are forced to zero velocity, while spa-
tial derivatives near the boundary are computed
using the actual distance between the grid nodes
and the immersed surface.

The turbine blades are represented using a
Rotating Actuator Disk Model (RADM) [10].
Each blade is discretized into sections where lift
and drag forces per unit length are computed
using 2D airfoil data,

1 2 1 2

Fr = §anrelCl(a)ca Fp = §anrelcd(a)cv
where c¢ is the chord length, ¢; and ¢4 are the
sectional lift and drag coefficients, p, is the air
density, and U, is the relative velocity at the
blade section. The relative velocity and angle of
attack are

Urel = VU2 + (Ug — Qr)2,

«a = arctan L — ¢
N U@—QT ’

with ¢ the local twist angle of the blade section.
The resulting aerodynamic forces are distributed
over the rotor disk using a Gaussian kernel, that is

Fg

U TN

with spreading function
v -\
o-on(-(5))
€
exo [ — (& Olade 2
p /B ;
where B is the number of blades. The parame-

ter € controls the disk thickness, and, following
standard practice, is set to € >~ 2A [9].




The rotor angular velocity 2 evolves according
to the angular momentum balance [5]

IQ = Maero - Mgena

where [ is the rotor inertia. The generator torque
follows a quadratic control law [26],

Mgen = kjgenQQ

gen’

with Qgen = Ngear§2. The torque gain determining
the equilibrium operating condition is [5]

11 Cp(Aopt)
k en — 7o  ala Rsipa
¢ Nngar 2p " /\gpt

where R = D/2 is the rotor radius, Cp the power
coefficient and Agp¢ the optimal tip-speed ratio.

4.2 Horns Rev 1 Case Study

Simulating a complete offshore wind farm, con-
sisting of tens to hundreds of turbines, with an
LES solver remains computationally expensive
even on high-performance computing (HPC) sys-
tems. To overcome this limitation, the present
work extends the LES domain with regions in
which a regression-based model of the wake devel-
opment within the turbine array is employed. The
framework allows the velocity field resolved for a
single turbine row, aligned with the inflow direc-
tion, to be extrapolated to the scale of a complete
wind farm with a regular (non-staggered) layout,
capturing both the streamwise and the span-
wise decay of the velocity deficit. The principal
advantage of informing the ocean model with an
LES-derived wind field is that the reconstruction
retains, before the projection onto the mesoscale
grid, the streamwise and spanwise wake-deficit
structure obtained from the high-fidelity simula-
tion, which is difficult to reproduce with purely
analytical wake formulations.

4.2.1 Multi-Domain Approach

The effects of wind farms on ocean circulation are
typically represented by prescribing wake-induced
forcing through analytical wake models, which
are then used to drive ocean solvers of varying
complexity, ranging from shallow water formula-
tions to fully 3D Navier—Stokes models such as
FVCOM [8] or ROMS [32, 40]. To the authors’
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knowledge, no previous study directly couples an
ocean model with a farm-scale wind field derived
from high-fidelity LES; the closest work is that
of Guzman Herndndez et al. [21], which consid-
ers a line of wind turbines on a domain of a
few kilometers and does not address mesoscale
dynamics.

The UTD-WF code allows for the simulation of
wind turbines deployed over complex domains. In
the present study, since the turbines are assumed
to be installed offshore, the computational setup
is idealized as a rectangular domain with the
turbines placed over a flat surface.

ND1

ND2

ND3

SRORY

Fig. 6 Schematic of the nested-domain layout, composed
of three embedded domains (ND1, ND2, and ND3). Hori-
zontal dashed lines highlight the arrangement of the wind
farm into rows of wind turbines; a westerly wind (from left
to right) is assumed

The challenge here is thus to develop a strat-
egy to consistently extend LES results obtained
at relatively small spatial scales (high fidelity) to
an ocean basin described at the mesoscale (low
fidelity). Following an approach adopted in the
literature [38], the computational domain is subdi-
vided into nested domains (ND), as illustrated in
Fig. 6. In the innermost domain (ND3), the veloc-
ity field around a wind turbine array is resolved
by LES.

By simulating a single row of turbines with
periodic boundary conditions applied at the sides
(north and south), the row can be repeated mul-
tiple times in the spanwise direction, effectively
generating a wind farm of any desired width. The
idea behind ND3 is shown in Fig. 7.

The intermediate domain (ND2) employs a
response surface model (RSM) to reconstruct the
velocity field based on the LES results obtained



row

Fig. 7 Detail of the LES-resolved domain ND3. A row
of wind turbines is replicated in the spanwise direction to
represent a full wind farm, taking advantage of the periodic
boundary conditions

in ND3. In the outermost domain (ND1), a
freestream velocity is prescribed.
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Fig. 8 Detail of the RSM-based domain ND2, showing the
lateral (SPW) and far-wake (STW) regions

TN

Figure 8 shows the subdomains into which
ND2 is divided, depending on the chosen approx-
imation of Eq. (8), which differs between the
streamwise far-wake region (STW) and the span-
wise lateral region (SPW) with respect to the LES
domain ND3. In the STW region, the velocity
deficit of a row of wind turbines is modeled by an
RSM of the form

P psy*’

Jorw &) = o " b 7
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where 2* = z/D, y* = y/D, D is the rotor diam-
eter, and the vector of unknown parameters is
defined as

p1

b2 1,

b3

and is identified by training the RSM using suit-
able LES data. The RSM in Eq. (7) can be recov-
ered by modeling the wind velocity deficit using
the well-known model proposed by Bastankhah
and Porté-Agel [3], which reads

DQCT 7“2
= <1 — 1-— 80'2 > exp (_W> 5 (8)

where Cr is the thrust coefficient, r is the radial
distance from the wake axis, and o is the stan-
dard deviation of the Gaussian profile, which
can be a function of the downstream distance x.
Specifically, one can write

Vsrw =

AU
Uss

/ D2Cr D?*Cr
1—14/1— ~
802 1602

and, assuming a linear wake expansion o = kx +
09, with k the wake expansion coefficient,

2 y?
exp| ————= |~ |[1- ——— ],
2 (kx + 09) 2 (kx + 09)

having assumed x > z and = > y, i.e., having
evaluated the deficit close to hub height, so that
r? ~ 42, and sufficiently far downstream that y <
o(x), so that the exponential can be expanded to
leading order in y2/(20?); the approximation is
therefore appropriate in the far-wake region.

Assuming further that the individual deficits
can be linearly superposed, i.e.,

AUror
Us

AUTOT (IE, r) _
Uso

Nt
> Cz—2;)Gr,x —xj),
j=1

where x; is the position of the j-th turbine along
the row, j = 1,..., Ny, and C and G denote the
amplitude and the Gaussian shape function of the
individual wake deficit in Eq. (8), a reasonable
approximation in the far-wake (FW) region of the



total cumulative deficit of N7 turbines in a row is,
in nondimensional terms,
<1 -

where o = 09/D. The formula just obtained can
be rewritten in the form of the RSM in Eq. (7).

In the SPW region, the following model for
the velocity deficit of a row of wind turbines is
proposed instead

AUpw NrCr
U 16(ka* +0y)?

y*2
2 (ka* +03)* )’

*2

Y
(™ +q2)? + (I3> 7
)
where q1, g2, and g3 are free parameters, and
X (z*) can be recovered from LES and STW data
by setting y* = 0 and performing the training at
the appropriate z* = z/D. If x (z*) is assumed to
be known (for example, from a previous training),
the actual vector of unknown parameters reduces
to

fspw(z*,y*) = x(a") exp (—

q1

q2

q3

The RSM in Eq. (9) can be recovered by again
assuming linear superposition of the individual
deficits and by approximating the resulting Gaus-
sian mixture with a single equivalent Gaussian,
which gives, in the near-wake (NW) region,

*2
al * Y
~ Ceq (") exp (— 557 )

The zeroth-, first-, and second-order moments of
a Gaussian mixture of N7 components can be
computed as [11]

Nt Nt
mo = E Wi, My = E w;i&s,
i1 i=1

Nt
my =Y wi(& +07),

i=1

Yspw =

where w;, & and o; denote the weight, the mean
and the standard deviation of the i-th component.

Assuming
N
2 1 o
oL, — E o;
eq N R
Tz
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a cumulative velocity deficit of the form

AUnw _ = y*?
—— ~Coq(z)exp | — )
U =™ 2N, Y o2
(10)
can be recovered. The assumption on ng is intro-

duced as an analytical ansatz rather than as
an exact representation of the mixture weights:
despite its simplicity, it closely approximates the
cumulative wake obtained from the linear super-
position of the individual deficits, and provides
useful reference values for the RSM parameters
(Section 4.2.4). Assuming again a linear wake
expansion, o = kx + 0g, the deficit in Eq. (10) can
be recast in the form of the RSM in Eq. (9).

4.2.2 CFD Case Modeling

Validating the approach presented in the previous
section required the use of a real-world bench-
mark. Accordingly, the proposed case study is
based on the Horns Rev 1 wind farm, located off
the west coast of Denmark [22]. It consists of 80
bottom-fixed turbines arranged in 8 rows of 10
turbines each.

Horns Rev 1 is frequently used as a reference
for wind farm simulations due to the extensive
availability of experimental data in the litera-
ture [22, 48]. These datasets include measurements
of wind speed and direction at multiple heights,
turbine power output, turbulence intensity, and
wake interactions, making the site well-suited for
the validation of numerical models.

40+
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Horns Rev 1
—
Sl rr e e
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60}
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Easting (D)

Fig. 9 Positions of the M2, M6, and M7 masts relative to
the Horns Rev 1 wind farm



In particular, the wind measurements used
in this study, taken from FEriksson et al. [17]
and Volker et al. [48], were collected from masts
located near the wind farm (see Fig. 9) and cor-
respond to an average wind direction of 270°
(westerly wind). The M2 mast was used to assess
the wind conditions prior to the installation of
the wind farm [34] (it should be noted that M2 is
slightly lower than the turbine hub height, 62 m
versus 70 m [34]). On the other hand, M6 and M7
(70 m high) typically record wind data within the
wind farm wake.

The actual case study analyzed in this work
represents a slightly simplified version of the orig-
inal wind farm: specifically, the layout is assumed
to be perfectly rectangular rather than the rhom-
boidal configuration of Horns Rev 1 (see again
Fig. 9). This simplification has been previously
employed in the literature [48], and provides a
realistic but manageable benchmark.

The computational domain is a rectangular
parallelepiped. Referring to the quantities defined
in Fig. 10, and expressing all lengths in units of
the rotor diameter D, the domain dimensions are
Lx = 126D, Ly = 7D, and Lz = 14D. The
streamwise spacing between the inlet and the first
turbine, as well as between consecutive turbines,
is Lg =T7D.

The mesh is a Cartesian grid, uniform in the
horizontal directions, consisting of 5760 nodes
in the streamwise direction, 240 in the spanwise
direction, and 320 in the vertical direction; along
the vertical direction, grid refinement is applied
from z = 0 up to z = 4D to better resolve the
boundary layer over the ocean surface.

The turbines are Vestas V80 with rotor diam-
eter D = 80 m and hub height of 70 m above
sea level. In the literature, the V80 is mod-
eled in slightly different ways from one study to
another [29, 51], since a complete tabulated char-
acterization of its blade over the entire span is not
openly available [29]. Here, the rotor diameter and
hub height are exactly those of the Vestas V80,
whereas the blade characterization (twist-angle
distribution, sectional lift and drag polars ¢;(«)
and c4(a), and Cp—Cp tables) is taken from the
Gamesa G80 lookup tables already implemented
in UTD-WF, the G80 being a turbine of similar
rated power and dimensions. Regarding the con-
trol strategy, the optimal tip-speed ratio Agpy =
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8.3 and the gearbox ratio Nge.r = 101 are con-
sistent with publicly available V80 data, although
different sources report slightly different values:
they are treated here as fixed modeling assump-
tions, whereas in real turbines they may vary with
the operating conditions [29]. The resulting power
output is cross-validated against the manufacturer
power curve in Section 4.2.3 [15, 44].

As mentioned above, for the wind farm under
consideration, westerly winds with direction 270°
are commonly studied in the literature [48]. Fol-
lowing this, the inflow wind in the present simula-
tions is aligned with the turbine row. To mimic the
atmospheric boundary layer at the inlet, a mean
velocity profile is prescribed by the following law

Uhub Zhub ’

where z denotes the vertical coordinate measured
from the mean surface height, zy,1, represents the
hub height above the mean sea surface, and « is
the shear exponent, taken as a = 0.1 based on
reference values from the literature [47, 50]. The
freestream velocity Us, = 10m/s is the reference
velocity used in the definition of Re and in the
nondimensionalization, and does not correspond
to the wind speed at a specific height: the profile
is anchored so that the hub-height velocity equals
0.8Us = 8m/s, the operating condition targeted
in the validation of Section 4.2.3. The reference
air density is assumed equal to 1.225kg/m®. No
turbulence intensity is prescribed at the inlet.

As for the remaining numerical settings, the
filtered equations are advanced in time with a
third-order Runge-Kutta scheme, with the time
step adjusted so that the maximum CFL number
equals 1, and the Smagorinsky constant is set to
Cs = 0.09. The mean velocity profile described
above is prescribed at the inlet, while a radiative
(convective) outflow condition, with convection
velocity equal to Uy, is applied at the outlet;
the sea surface (the bottom of the computational
domain) is treated as a no-slip wall, and a free-slip
condition is imposed at the top of the domain. The
flow statistics discussed below are collected after
discarding an initial transient of 1 h (450 D/Us).
Table 2 summarizes the main LES parameters.



Fig. 10 CFD domain for the LES case study and corresponding turbine numbering

Table 2 Characteristic parameters of the LES setup

Variable Value
Rotor diameter (D) 80 m
Hub height (zhub) 70 m
Domain size (Lx) 126D

Domain size (Ly) 7D
Domain size (Lz) 14D
Turbine spacing (Lg) 7D

Grid resolution 5760 x 240 x 320

Time integration third-order Runge—Kutta

Maximum CFL number

1

Smagorinsky constant (Cs)  0.09
Freestream velocity (Uso) 10m/s
Hub-height velocity 0.8Us
Inlet profile exponent (a) 0.1

Air density 1.225kg/m3

Inlet turbulence intensity none (laminar inflow)

4.2.3 LES Validation

The reliability of the CFD turbine model is first
assessed by evaluating the power output of each
turbine.
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Fig. 11 Power output of the first turbine of the row and
its standard deviation, normalized by the mean power of
the same turbine
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Figure 11 shows the power produced by the
first turbine, averaged over a time window of
1.2 h (540 stored flow fields). The sample stan-
dard deviation over the same window is reported
as a measure of the dispersion of the instanta-
neous power about its mean, i.e., of the power
fluctuations.
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Fig. 12 Vestas V80 manufacturer power curve [15, 44]
compared with the LES-predicted mean power of each
turbine of the row (T1-T10), plotted against the mean hub-
height inflow velocity 1D upstream of the rotor; error bars
denote 1o

For validation, the manufacturer power curve
of the Vestas V80 [44], also reported by Draper et
al. [15], is used as a reference (Fig. 12). The mean
power of each turbine in the row, computed from
the LES torque, is plotted against the mean inflow
velocity at hub height, obtained by averaging the
velocity over a disk of area equal to the rotor
area located 1D upstream of each turbine. The
LES predictions follow the manufacturer curve
well over the range of inflow velocities encountered
along the row (the lower part of the curve), with
the first turbine lying slightly below it.

Figure 13 compares the power output along a
turbine row with experimental measurements and



~Experiment (10 m/s)

Y — Experiment (8 m/s)
"o AR s« . | <Reference LES (10 m/s)
\ T .
04f | ~~ ;§ %1 7;(}‘—‘%— +Present LES =1 o
0.2F |
0
2 4 6 8 10
Turbine #

Fig. 13 Normalized power output along the turbine row:
experiments (hub-height wind speed 10 and 8 m/s) and
reference LES (10 m/s), both reported by Ivanell [25], com-
pared with the present LES (error bars: +10)

reference LES results from Ivanell [25]. Experi-
mental data are available for hub-height inflow
velocities of 10 m/s and 8 m/s, while the present
LES corresponds to a hub-height velocity of 8 m/s.

A moderate discrepancy between experiments
and LES is observed, mainly due to different aver-
aging procedures. Experimental data were aver-
aged over a directional sector of +2.5°, while the
present LES assume a fixed wind direction of 270°.
Even small variations in wind direction can sig-
nificantly affect wake interactions and the power
production of downstream turbines.

A larger difference appears for turbine T2,
which shows lower power in the present LES
compared to the reference results. This behav-
ior is likely associated, at least in part, with
the turbulence-free inflow used in the simulations,
which limits wake recovery downstream of T1.
Consequently, T2 operates in a strongly deceler-
ated but relatively steady flow, consistent with the
low power fluctuations observed. Farther down-
stream, wake recovery increases as turbulence
develops, leading to larger power variability along
the turbine row.

Overall, the LES results show physically con-
sistent trends and reasonable agreement with
experimental observations.

4.2.4 Multi-Domain Approach
Validation

By construction, the wake reconstruction model
cannot capture transient effects or interactions
between turbine rows (see also Section 4.2.5).
Therefore, instantaneous LES data (an example is
shown in Fig. 14) must first be time-averaged to
obtain a representative velocity field.
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Fig. 14 Example of nondimensional filtered velocity mag-
nitude at ¢ = 2.2 h, with Q-criterion isosurfaces highlight-
ing vortical structures. Perspective view of the row from
the first turbine (T1)

Following Section 4.2.3, the mean field is
obtained by averaging the same 540 flow fields
(Atayg = 1.2 h). The reference frame in Fig. 10
is shifted 7D downstream so that the origin cor-
responds to turbine T1. Hereafter U denotes the
time-averaged streamwise velocity, AU the corre-
sponding velocity deficit, normalized in the figures
by the hub-height inflow velocity Uy, and (U)
the assembled mesoscale field of Section 4.2.5.
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Fig. 15 Averaged streamwise velocity deficit field at hub
height, showing the LES solution merged with the STW
RSM reconstruction

Figure 15 shows the far-wake extension of the
LES velocity deficit reconstructed using the STW
response surface introduced in ND2. The pre-
dicted wake evolution is consistent with the LES
continuation.

Further validation is provided in Fig. 16, which
compares LES, RSM reconstruction, and experi-
mental data from Eriksson et al. [17]. The RSM
accurately reproduces the LES profile in the over-
lapping far-wake region. Experimental measure-
ments show limited wake recovery downstream of
Horns Rev 1 due to coastal effects [23]. In the
present model, however, gradual recovery toward
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Fig. 16 Averaged velocity deficit at hub height. Com-
parison of LES and STW RSM results with experimental
measurements from masts M6 and M7 (Eriksson et al. [17])

freestream conditions is assumed. Similar behav-
ior has been reported in other LES studies [17].
Since the RSM does not capture turbine-row inter-
actions, the recovery follows that of a single row,
yet remains consistent with LES in the far wake.

Experimental data are unavailable for near-
wake validation; therefore only LES results are
considered to validate the SPW RSM reconstruc-
tion.
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Fig. 17 Averaged velocity deficit field at hub height: LES
(y < 0) versus SPW RSM lateral reconstruction (y > 0)

Figure 17 compares the LES (y < 0) with the
RSM reconstruction (y > 0). Good agreement is
observed for the turbines downstream of T1, with
minor discrepancies near the rotors. The accu-
racy gradually decreases toward the last turbines
(notably T9 and T10) because of the analyti-
cal assumptions of the model: the approximation
0?2 ~ 22 limits the representation of the wake
expansion, and the radial velocity deficit becomes
harder to capture as turbine interactions accu-
mulate. Since the SPW domain of ND2 is used
only for the far lateral wake reconstruction, the
approximation nevertheless remains acceptable.
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Fig. 18 Averaged velocity deficit at hub height. Compar-
ison of LES and SPW RSM in the wake of turbine T4

For completeness, Fig. 18 shows spanwise
sections at different downstream positions in the
wake of turbine T4. LES and RSM predictions are
generally consistent. Far from the turbine axis, the
RSM predicts full recovery to the freestream veloc-
ity, whereas the LES indicates a slight acceleration
above the freestream, as expected near the edges
of a wind farm; this effect cannot be reproduced
by the RSM by construction.

Finally, some technical details on the training
of the RSMs are provided. To improve numeri-
cal conditioning, the free parameters are rescaled
(e.g., p1 = p1,0 D1, with p; o a fixed scaling factor
and p; the corresponding normalized parameter)
and the optimization is performed on the normal-
ized variables. The scaling factors and the fitted
normalized parameters of both RSMs are listed in
Table 3. The STW RSM is trained on the region
84 < z* < 119, over a spanwise extent of about 4D
centered on the row axis, and yields a coefficient
of determination R? = 0.87 on the training data;
the SPW RSM is trained on 56 < z* < 91, over a
spanwise extent of about 1D, with R? = 0.88.

Table 3 Scaling factors and fitted
normalized parameters of the STW and
SPW RSMs (p; = ps,0 ps and q; = qi,0 Gi,

i=1,2,3)

{ DPi,0 Ds qi,0 Gi

1 1250.0 1.37 0.0283 0.9385
2 15.9 1.90 —-0.4412 1.0050
3 1562.5 x 103 1.86 0.3234 1.0008

For the STW RSM, the parameters are esti-
mated by ordinary least squares (OLS). The



condition number of the design matrix A,

N - 225

is of order 10!, indicating a well-conditioned prob-
lem that does not require regularization, and the
solution is robust with respect to the choice of the
training region.

For the SPW RSM, correlations between
parameters (see Eq. (9)) increase the condition
number to about 102. Although not critical, this
motivates the use of centered ridge regression [4,
24),

min A9 = bl + Ar[¥ — 03,

where 9 is the parameter vector, 9 the penalty
center and Ag the regularization coefficient. The
analytical solution is used as penalty center, and
Ar is selected by k-fold cross-validation [24] with
k = 5, yielding Ag ~ 1072, sufficient to stabilize
the solution without introducing significant bias.

4.2.5 Wind Farm Assembly and
Projection onto the Ocean
Model Grid

Before proceeding with the coupling to the shallow
water model, the whole mesoscale velocity field
is reconstructed (from LES data, RSMs, and the
imposed freestream).
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Fig. 19 Reconstructed streamwise velocity field (U) at
hub height

Figures 19 and 20 show the assembled velocity
field projected onto a grid with spatial resolu-
tion Az = Ay = 1008 m, evaluated at z =

17

2><104 @ z =10 m AMSL
16.4
1 6.3
62
= — =}
g g
=0 B < 6.1~
’ >
. 6
1 wind farm
5.9
9 5.8
0 1 2 3 4 5
z (m) x10*

Fig. 20 Reconstructed streamwise velocity field (U) at 10
m above mean sea level

Zhub and at z = 10 m above mean sea level, to
enable comparison with the results of Volker et
al. [48]. The projection is first performed onto a
finer intermediate grid and subsequently onto a
100 x 100 grid in order to mitigate potential alias-
ing effects. The computational domain covers an
area of 100.8 x 100.8 km?. It is worth emphasizing
that, although using LES data interpolated onto a
coarse grid may seem counterintuitive, it enables
the mesoscale footprint of the wind farm (the mag-
nitude and extent of the wake deficit, in the region
where Ekman pumping develops most strongly)
to be derived from high-fidelity simulations, even
though turbine-scale features are necessarily not
resolved on the ocean model grid, whose spacing
exceeds the turbine spacing. Lower-fidelity mod-
els, such as those implemented in the Weather
Research and Forecasting (WRF) model [48], may
not capture all the flow details.

Focusing on the region surrounding the wind
farm, the projection onto the ocean model grid
highlights some differences between the two hor-
izontal slices. In particular, at the center of the
wind farm, the velocity deficit region appears
moderately more extended at z = 10 m. This
behavior is mainly due to the increased flow dis-
turbance induced by the turbine towers and the
stronger interaction among turbine rows at lower
elevations compared to hub height [21].

Another aspect is the wake recovery process,
which at z = 10 m is slightly more gradual than
at hub height in the vicinity of the wind farm,
although the far-wake region appears to develop
in the same way. A difference in magnitude is



also evident, since a power-law velocity profile was
prescribed at the inlet.
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Fig. 21 Streamwise section of the velocity field interpo-
lated onto the ocean model grid, along with reference data
from Volker et al. [48], including both experimental mea-
surements and WRF-based simulations at hub height. The
vertical line marks the downstream edge of the wind farm;
z = 0 corresponds to its upstream edge
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To further assess the influence of the projec-
tion onto the ocean model mesh on the obtained
results, Fig. 21 presents a comparison with the
results of Volker et al. [48], which consider the
same wind farm as in the present study, simu-
lated using two different schemes within the WRF
model.

The reconstructed field is in good overall agree-
ment with the reference data. At the mast loca-
tions, the predicted wake deficit falls within the
measurement uncertainty of M6 and M7. More-
over, the 10% velocity deficit threshold is reached
at x ~ 8 km, in agreement with the WRF scheme
denoted as “#2 WRF reference” in Fig. 21, whose
overall decay pattern is also closely matched;
within the wind farm, the reconstruction is instead
closer to the “#1 WREF reference” curve.

A qualitative consideration can also be made
regarding the wake shape (see Fig. 19). The recon-
structed wake in the present study appears much
more homogeneous than that reported by Volker
et al. [48], as it is based on an extension that does
not account for row-to-row interactions. Further-
more, the reconstructed wake does not exhibit the
tail deviation induced by the Coriolis effect.

5 LES-SWE Coupling

The reconstructed mesoscale wind field of
Section 4.2.5 is now used to force the shallow water
model through the wind stress term in Eq. (1).
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Only the streamwise component of the wind is
retained: the effective, wake-affected streamwise
velocity, evaluated at 10 m above mean sea level
(Fig. 20), rather than the undisturbed wind speed
|[@io]|, is converted into a stress field 7.(z,y)
through Eq. (5) and the drag correlation of
Smith [43], while 7, = 0. The ocean domain coin-
cides with the 100.8 x 100.8 km? projection grid of
Section 4.2.5, with the wind farm located at the
center of the basin. The Coriolis parameter and
the water density are the same as in Appendix A,
f=12x10"%*s"! and p, = 1025kg/m?. Start-
ing from a basin at rest (h = Hp, @ =7 = 0), the
wind stress is applied impulsively at ¢ = 0 and the
simulation is advanced for 6 hours, as discussed
below.

5.1 Order-of-Magnitude
Considerations on Varying
Bathymetry

In the first part of this study, a constant-depth
ocean was assumed, allowing Ekman pumping to
be characterized clearly, without interference from
other phenomena. Subsequent analysis considers
interactions with bathymetry variations, as such
variations can introduce contributions that may
obscure the Ekman pumping phenomena.

For example, consider a seabed with a slope
from west to east (or vice versa—for now, only the
magnitude of the resulting vertical velocity is of
interest). In this case, the following can be written

__0b
wp =~ uam
Assuming, for instance, a 100 m difference in ele-
vation over 5 km and a maximum current velocity
of 0.025 m/s, values similar to those modeled by
Segtnan and Christakos [39], the result is wp ~
43m/day. This value is more than ten times the
estimate made by Ludewig [28] for the maximum
magnitude of the Ekman pumping.

Apart from the study by Segtnan and Chris-
takos [39], in which vertical velocity variations
near a wind farm are attributed to bathymetry
changes but discussed only qualitatively, and the
work of Paskyabi [32], which considers the effects
of a constant slope using a 2DV shallow water
model, to the authors’ knowledge no system-
atic investigation of the interaction between wind



farms and varying bathymetry is available in the
literature.

5.2 Combining LES-Based Wind
Stress and Bathymetry

Four test cases are now proposed, labeled A, B,
C, and D (Fig. 22).

Case A corresponds to a flat bathymetry with a
40 m basin depth, and case B to a flat bathymetry
with a 20 m depth. Case C has the same aver-
age depth of 20 m, but the bottom shoals linearly
from 30 m at the western boundary to 10 m
at the eastern boundary along a ramp located
between x = 20 km and x = 80 km (Fig. 22);
case D is similar to C, except that a flat plat-
form, 20 km wide and 20 m deep, is introduced
at the location of the wind farm. These bathyme-
tries are idealized. To avoid numerical issues, the
bathymetry was smoothed with a moving-average
filter. In addition, the streamwise grid resolution
was refined by a factor of ten (1000 x 100 cells),
since bathymetry-induced forcing requires finer
grids [54]; this refinement did not alter the wind
stress forcing, and the diagnosed vertical veloc-
ity remained practically identical to that obtained
with the coarser streamwise grid.

The motivation behind cases C and D is to
investigate how circulation behaves near the wind
farm when the flow is disturbed by bathymetry
variations along its entire length by a ramp (case
C) versus when the disturbance is limited to the
upstream and downstream regions of the wind
farm (case D).

Regarding the simulation time, a period of
6 hours was adopted to characterize the early
mesoscale response of a shallow, well-mixed basin
under persistent wind forcing. Although this dura-
tion may seem short compared with the time
typically required for full flow development [32],
it has a physical basis. The Ekman layer develops
in response to a constant wind, and its vertical
pumping approaches a steady state with a charac-
teristic timescale of order 1/ f, a well-known result
from the equations describing the evolution of the
Ekman boundary layer [46]. At latitudes where
f ~107*s71, this corresponds to roughly 3 hours,
so that the adopted interval spans a few Ekman
timescales, although it is shorter than the iner-
tial period 27/ f. It should be noted that, in the
present model, wg is diagnosed from the curl of
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the steady wind stress (Section 2) and is there-
fore available from the onset of the forcing; the
6-hour horizon concerns the development of the
surface elevation, of the depth-averaged veloci-
ties and, through them, of the bottom velocity
wp. Since bottom friction is neglected, the depth-
averaged solution retains inertial oscillations (cf.
Appendix A) and is not interpreted as a fully equi-
librated ocean state: the comparison among cases
A-D is performed at the same, physically repre-
sentative forcing time, which is sufficiently long for
a clear wind-farm-induced surface and circulation
pattern to develop. This choice is also consistent
with Ludewig [28], who simulated deeper basins
using a baroclinic ocean model and found that
effective pumping occurs over roughly 8 hours,
and with the observation that, in real atmospheric
conditions, maintaining a steady wind forcing for
more than about ten hours is unlikely [19].

In general, it was found that even a modest
bathymetry variation tends to strongly influence
the wind-driven dynamics, at times even domi-
nating them. Focusing specifically on the SSHA,
for example, a change from 40 m to 20 m in
depth results in an increase in the water surface
excursion; the magnitude of the SSHA dipole
after 6 hours is of order 107° m (Fig. 23). The
~ 1 km grid spacing, chosen to match the res-
olution of the projected LES-based stress field
(Section 4.2.5), does not constrain this result:
refining the ocean-model grid did not lead to
appreciable differences. More interesting, however,
is the case with a ramped bathymetry, where the
dipolar structure progressively diffuses, with the
dipole extending further in the longitudinal direc-
tion (Fig. 23). The results are similar for both a
single ramp and a double ramp. It is important
to stress that the bathymetric gradient considered
here is relatively mild; stronger gradients would,
as already observed qualitatively by Segtnan and
Christakos [39], lead to vertical velocities poten-
tially exceeding the Ekman pumping, in which
case the reconstruction model implemented in
Q3DFLOOD would not perform reliably.

The effects of bathymetry are even more pro-
nounced on the horizontal velocities. Figure 24
shows that the streamwise velocity pattern is
similar for the two flat bathymetries, but its mag-
nitude roughly doubles from 40 m to 20 m depth,
as observed for the SSHA; this is the expected
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1/Hy scaling of the depth-averaged wind-driven
transport (cf. Appendix A). In the ramped cases,
steep velocity gradients appear at the ramps, par-
ticularly in case D, whereas over the flat platform
beneath the wind farm of case D the velocity is
nearly uniform; the footprint of the wind farm
nevertheless remains clearly visible.

The spanwise velocity (Fig. 25) behaves simi-
larly: its magnitude nearly doubles from 40 m to
20 m for flat bathymetry, while in the ramped
cases the structure of v closely resembles that of
u, indicating that the bathymetry-induced reor-
ganization of the circulation dominates the local
wind-farm signature. Distinctive features can nev-
ertheless be identified: around the center of the
wind farm, uw is symmetric whereas v is anti-
symmetric. Note also that the nearly uniform
background value of T visible in case A (~ —0.02
m/s) corresponds to the basin-wide inertial oscil-
lation of the depth-averaged flow discussed in
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Appendix A, 5(t) = 70/(f pwHo) (cos ft — 1), eval-
uated at ¢ = 6 h with the undisturbed upstream
stress: the wind-farm-induced pattern is superim-
posed on this background, which should be kept
in mind when interpreting the color scales.

The strength of the bathymetric response
is consistent with the fact that bottom-
topography variations enter the hydrostatic bal-
ance (Section 2) and can substantially reorganize
the depth-averaged circulation: since the wind-
driven transport hu is nearly uniform along the
ramp, the depth-averaged velocity varies roughly
in inverse proportion to the local depth (Fig. 24),
and even the mild gradients considered here pro-
duce horizontal-velocity variations larger than
those directly associated with the wind farm forc-
ing. For reference, Ro ~ 1.2 x 1072 and Bu
1.8 x 10% in case A, and Ro ~ 2.4 x 1072 and
Bu ~ 8.9 x 102 in cases B-D, so that Bu/Ro > 1
in all cases. The resemblance between ¥ and w is

~
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due to the Coriolis coupling, since a term propor-
tional to w appears in the spanwise momentum
equation; without rotation, v would be expected
to recover the classic quadrupole pattern of cases
A and B.

It is also interesting to examine the Ekman
vertical velocity. In both cases A and B the basin
is shallower than 2dg, so that the reconstructed
vertical velocity at 0 = op = 0.5 is w = Fwg,
with F' = Hy/(2dg) (Eq. (3)): by construction
of the diagnostic model, which follows the top-to-
bottom Ekman layer scaling of Cushman-Roisin
and Deleersnijder [13], halving the depth halves
the vertical velocity. Accordingly, Fig. 26 shows
maxima of approximately 1.5 m/day for the 20 m
deep basin and roughly 3 m/day for the 40 m deep
one. The latter value is of the same order as the
estimate reported by Ludewig [28] for a 60 m deep
basin under similar atmospheric conditions.

Finally, Fig. 27 shows a vertical section at
x = 65 km, i.e., 10 km downstream (east) of the

wind farm, to illustrate how the bottom veloc-
ity affects the vertical velocity profile across the
basin in cases C and D. The maximum bathymet-
ric gradient considered here is of order 107% (20
m over 60 km in case C, 10 m over 20 km for
each ramp of case D), i.e., between one and two
orders of magnitude smaller than the represen-
tative value of 2 x 1072 discussed in Section 5.1
with reference to Segtnan and Christakos [39].
Accordingly, the bottom-induced contribution wg
appears in Fig. 27 as a nearly uniform back-
ground across the basin, of magnitude comparable
to but smaller than the wind-farm-induced dipole,
which remains clearly identifiable. For larger gra-
dients, as discussed in Section 5.1, the bathymetric
contribution can even overshadow the Ekman
pumping [39].
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6 Conclusions

In this work, the impact of offshore wind farms
on the local ocean circulation has been character-
ized through a novel multiscale framework that
couples high-fidelity LES of wind turbines with
a mesoscale shallow water model of the ocean
featuring a diagnostically reconstructed vertical
velocity.

Starting from a simplified Gaussian wind stress
model, this study has investigated how a shallow
water model, despite relying on depth-averaged
horizontal velocities, can capture pumping phe-
nomena induced by the wind deficit downstream
of a wind farm. In addition, a diagnostic model
for the oceanic vertical velocity has been proposed
based on physical considerations. It should be
emphasized that the reconstructed vertical veloc-
ity is physically consistent only at the mesoscale
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under investigation and under specific assump-
tions regarding the characteristic velocities and
length scales involved.

The role of the Coriolis force in the wind
farm—ocean interaction has been quantified. The
statistical analysis indicates that the wind inten-
sity is the primary parameter controlling Ekman
pumping, whereas the Coriolis force has a limited
impact on its magnitude but is crucial in deter-
mining the spatial structure of the solution, in par-
ticular the position of the upwelling/downwelling
cells and of the associated horizontal velocity pat-
terns (Figs. 23 and 25). If the analysis is restricted
to a small basin and to local rather than mesoscale
dynamics, neglecting the Coriolis force may be jus-
tifiable. The size of the wind farm and the (flat)
basin depth exert comparable influences on the
circulation. It should be noted that the statistical
analysis explores depths between 30 and 150 m
under an idealized forcing, whereas the LES-based
cases consider shallower basins (20—40 m); the two
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sets of results are therefore complementary rather resulting velocity field was extended to the farm

than directly comparable.
LES of a turbine row representative of the
Horns Rev 1 wind farm were performed, and the
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cases C and D

scale and to the mesoscale using an RSM tech-
nique. Although this approach currently has lim-
itations stemming from the simplifying assump-
tions underlying the RSM (neglect of yaw mis-
alignment, transient phenomena and row-to-row
interactions in the far wake), the reconstructed
velocity field compares well with the results
reported in the literature for the same configura-
tion.

Using the LES-based wind stress field, both
the influence of the wind farm on ocean circula-
tion and the role of bathymetry were quantified
for basins with flat bottoms of varying depth, as
well as for ramped bathymetries (with depth vari-
ations assumed only along the W-E direction).
The results show how small bathymetric varia-
tions can influence certain aspects of the ocean
circulation induced by the wind farm. In particu-
lar, the horizontal velocity field is more strongly
affected by bathymetry, while the classical dipolar
structure that can be seen in terms of surface ele-
vation is altered but remains discernible. Within
the present diagnostic framework, the weak bathy-
metric gradients considered here strongly reor-
ganize the depth-averaged horizontal circulation
while leaving the wind-stress-driven Ekman signa-
ture of the wind farm clearly identifiable in the
reconstructed vertical velocity.

Overall, within the limits of the present diag-
nostic reconstruction, wind-farm-induced Ekman
pumping emerges as a relevant factor for the
local circulation primarily when wind farms are
deployed in regions with very weak bathymet-
ric gradients, at least under strong, unidirectional
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wind forcing. Its dependence on latitude is lim-
ited, whereas the size of the wind farm and the
basin depth play a major role in determining the
overall response.

The present framework rests on a number of
simplifying assumptions that bound the validity
of the results: the ocean is barotropic and well
mixed, bottom friction is neglected, the wind forc-
ing is steady and unidirectional, surface gravity
waves, whose role was highlighted by Paskyabi and
Fer [33], are not included, the reconstructed wind
field neglects row-to-row interactions, transient
effects and yaw misalignment, and the bathyme-
tries considered are idealized. Relaxing these
assumptions, in particular by including stratifi-
cation and bottom friction and by extending the
LES to multiple rows, is the natural continuation
of this work.
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Appendix A In-House
Shallow Water
Code Validation

To ensure the accuracy of many of the results
obtained in this work, it was necessary to validate
the in-house shallow water solver Q3DFLOOD
(Section 2.1), by comparing its outputs with
benchmark and analytical solutions.

Three validation cases were selected. The first,
an analytical case, verifies the correct implemen-
tation of the wind stress forcing and of the Strang
splitting algorithm. The second, a well-known
benchmark, verifies the Coriolis forcing, the flux
computation and the open-boundary treatment.
The third assesses the discretization of the bathy-
metric source term.

A.1 Wind-Stress-Forced Velocity
Oscillation Validation Case

For an initial validation, a relatively simple test
case is considered, specifically the problem defined
by the initial conditions
U(r,y,0)=0m/s, v(z,y,0)=0m/s,
h(xa Y, 0) = H07

with Hy = 20m, and a constant wind stress forc-
ing characterized by 7, (z,y) = 10 and 7y (z,y) =
0, with 79 = 0.009N/m?2. Additionally, f =
1.2x107*s7! and p,, = 1025 kg/m? are assumed.
Finally, homogeneous Neumann boundary condi-
tions for each variable enforce zero gradients in
both directions.
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The resulting system of ordinary differential
equations (ODEs) can be written simply as

dh
=0
du
dt
dv
dt

70
pwHO

= fo+

= — fﬁ
whose analytical solution is

Hy
T0 .
OPwHO sin (ft) 7
ol (cos (ft) —1)

SIS
|

where @ = u(t) and T = T(t), since the solution is
constant in space for both velocities.

The numerical case is run on a 401 x 401 grid
with a Courant number Co = 0.9.
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S o Numerical ¥
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Time (h)

Fig. A1l Numerical and analytical solutions for the
constant-wind-stress problem (numerical solutions under-
sampled)

Figure A1 shows a comparison between numer-
ical and analytical results (the numerical results
are undersampled for readability); here, the
numerical solution is obtained using the two-step
Lax-Wendroff scheme [55] for flux reconstruc-
tion combined with the van Leer limiter. Identi-
cal results are obtained when using the FORCE
scheme together with the Minmod limiter.

In addition to the excellent agreement between
the numerical and analytical solutions, it can be
observed that an integral average yields mean
velocity values such that U,,e = 0 and Vaye =
—70/ (fpwHo). Essentially, in this test case, a



net mass transport (southward) orthogonal to the
wind direction (assumed to blow from west to
east) is captured.

The case with a non-zero wind stress in the
y-direction also gave equally satisfactory results
(not shown), as did those with non-zero initial
conditions.

A.2 2D Geostrophic Adjustment
Validation Case

In the following second validation case, the behav-
ior of the solver in the presence of discontinuities
is studied, and the correct integration of the Cori-
olis forcing is ensured in the case of a spatially
non-constant solution. The test, referred to in the
literature as “2D geostrophic adjustment” [30], is
considered here.

The case consists of an initial asymmetric
water column subjected to strong rotation, which
induces a 2D geostrophic adjustment that the
numerical scheme must be able to reproduce. Since
the solution is expected to develop discontinu-
ities, the FORCE scheme with the Minmod limiter
is selected. The computational domain is V' =
[-10,10] m x [—10,10] m, the bathymetry is flat,
and the initial conditions are defined by

[1 — tanh (—UR_ERi )} )

A
h(z,y,0) :14—777

Y2
= )\ 2 -,
) e+ \
where
A, =05, A=25,
Rg =01, R;=1,
in consistent units of measurement, and
u(x,y,0) = o(x,y,0) = O0m/s. The accelera-

tion due to gravity and the Coriolis frequency
are ¢ = 1m/s? and f = 1s7! respectively.
Homogeneous Neumann boundary conditions are
applied at the boundaries. In some studies, wave-
transmissive boundary conditions are employed
instead [7]; however, their behavior is similar
to that of the Neumann boundary conditions
adopted here.

The numerical solution is first computed on
a 101 x 101 grid with Co = 1, and then on a
401 x 401 grid, also with a unit Courant number.
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Fig. A2 Surface disturbance at various times on the 101 x
101 grid. From left to right and top to bottom: 0's, 4's, 8
s, 125,16 s, 20 s

Initially, the elliptical water column is not in equi-
librium and evolves in a non-axial manner due to
the effect of rotation. Two successive shock waves
(gravity waves) are then generated, leaving behind
a small smooth bulge that slowly rotates clock-
wise (consistent with f > 0). First, in Fig. A2,
the water surface disturbance is shown for vari-
ous times, computed on the 101 x 101 grid. An
excellent qualitative agreement with the results of
Navas-Montilla and Murillo [30] can be observed,
with long waves leaving the domain with little to
no reflection.

Qy=10m

——Reference h
1 Numerical h
“°7401 x 401 grid
Numerical h
“101 x 101 grid

z (m)

0 5 1I0 1I5 20
z (m)
Fig. A3 Reference and present numerical solutions, on
the 101 x 101 and 401 x 401 grids, for the 2D geostrophic
adjustment problem at ¢ = 4 s (horizontal axes shifted by
10 m)

For a quantitative comparison, numerical
results for the water column elevation at time
t = 4 s and at the plane y 10 m are also
shown, along with the reference solution (again
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from Navas-Montilla and Murillo [30]), in Fig. A3.
It can be observed that the expected behavior
of the solution’s evolution is reproduced by the
numerical scheme, and the two solutions are in
excellent agreement.

A.3 Shock Propagation Over a
Step Bottom Validation Case

In the third and final test case, a well-known
benchmark problem is considered, whose analyti-
cal solution was derived by Alcrudo and Benkhal-
doun [1].

The test consists of a 1D bottom step prob-
lem. The initial conditions for the water depth are

defined as
= he

with h;, = 4m and hr = 2m. The initial velocity
is zero everywhere, u(x,y,0) = v(x,y,0) = 0, and
the bathymetry is prescribed as a step function,

b(z,y) = {0

x <0

h(z,y,0) 250’

<0

bp x>0’
with by = 1 m. It is also assumed g = 9.81m/s.
The computational domain is defined as V' =
[—L./2, L/2] x [-Ly/2, L,/2], with L, = 20m
and L, = 0.2m. The grid resolution consists of
2000 elements in the z-direction and 20 elements
in the y-direction. A Courant number Co = 0.9
is imposed. As the solution is expected to be dis-
continuous, a FORCE scheme is selected for flux
reconstruction, with Minmod limiter.
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Figure A4 shows, at a fixed value of y (the
solution being identical along any transverse
section), the bathymetry, the initial condition,
the reference surface elevation from Alcrudo and
Benkhaldoun [1], and the solution computed with
Q3DFLOOD. The latter is undersampled for visu-
alization purposes.
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Fig. A5 Froude number at an arbitrary constant value of
y,att=1s

The initial discontinuity generates a rarefac-
tion wave propagating to the left and a shock wave
propagating to the right. The flow remains sub-
critical throughout the domain, as confirmed by
the Froude number distribution shown in Fig. A5.
Again, the Q3DFLOOD solution in the latter plot
is undersampled for visualization purposes.

Finally, it is worth emphasizing that in the
presence of variable bathymetry a sufficiently fine
grid resolution is essential, as for second-order
accurate schemes the error in the elevation 7 scales
as Az? [54].
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