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Recent simulations and observations suggest that clouds interact with offshore wind farms, yet the
physical mechanisms governing this interaction remain unclear. Here, we investigate these processes using
large-eddy simulations of stratocumulus-topped boundary layers, systematically removing key forcings to
isolate their physical effects. We consider three progressively simplified scenarios: (i) a fully developed
marine stratocumulus boundary layer, (ii) a case without radiative forcing, which weakens both cloud-top
longwave cooling and entrainment, and (iii) a clear-sky case in which both radiative forcing and liquid
water are removed. The presence of cloud-top radiative cooling increases entrainment, leading to a less
stable and deeper boundary layer that promotes vertical transport of momentum and energy toward the
turbines. This leads to a faster wake recovery, with direct implications for the performance of neighboring
wind farms. Overall, our results demonstrate that radiatively driven cloud-top entrainment is a key
mechanism linking cloud dynamics to the performance of large wind farms and underscore the need for
wind-energy models that explicitly represent interactions among wind farms, the atmosphere, and cloud
processes.
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I. INTRODUCTION

Observations show that stable atmospheric conditions
favor the formation of long wind-farm wakes, which can
extend up to 70 km downstream [1]. Such conditions are
common offshore, where wakes from neighboring wind
farms can adversely affect power production [2]. As
offshore wind development accelerates, cumulative inter-
actions between wind farms and the atmosphere intensify
and therefore warrant further investigation [3]. Kirby
et al. [4] identify two primary mechanisms through which
wind farms interact with the atmosphere. The first involves
turbine-scale losses caused by wakes from upstream
turbines. The second arises from the combined influence
of the entire wind-farm array and leads to farm-scale losses
by reducing the average wind speed across the wind farm.
For large wind farms, these farm-scale losses are typically
more than twice as large as turbine-scale losses [5]. In such
cases, wind farms impact the large-scale structure of the

atmospheric boundary layer, making the farm-wake recov-
ery process slower.
Atmospheric stratification plays a central role in these

processes by regulating momentum entrainment into wind
farms [8,9]. Lanzilao and Meyers [10] showed that both
inversion-layer strength and tropospheric stratification
strongly affect power output and identified the wind-farm
collective behavior by comparing the wind farm with a
single turbine under identical conditions. More recently,
Lanzilao and Meyers [11] isolated the effect of inversion-
layer height, demonstrating that deeper boundary layers
promote faster wake recovery through enhanced vertical
momentum entrainment. Stieren et al. [12] and Kasper
et al. [13] further demonstrated that horizontal temperature
gradients, for example, due to land-sea transitions, can
substantially modify wind farm-atmosphere interactions.
Such modifications arise from warm or cold advection and
the associated geostrophic shear and differ from those in
barotropic conditions.
Among the atmospheric phenomena characteristic of

offshore environments, marine clouds remain mostly un-
studied, despite their prevalence in large offshore wind-
farm regions. Figure 1 compares the global distribution of
operating wind farms as of 2024 with the mean annual
cloud coverage for all cloud types, compiled from 1971 to
1996 over land and 1954 to 1997 over ocean [6,7,14].
Regions with a high density of wind farms also exhibit
substantial cloud coverage, indicating that interactions
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between clouds and wind-farm cluster performance warrant
further investigation. When considering only low-level
clouds, such as stratus and stratocumulus, annual cloud
coverage exceeds 30% in the North Sea and 35% along the
eastern Chinese coast. These regions host some of the
densest offshore wind-farm clusters worldwide [6,14].
Low-level clouds, particularly stratocumulus, are sus-

tained by a radiatively driven convective instability at the
cloud top [14,15]. The associated strong net radiative
cooling, typically 50–90 W=m2, generates turbulent fluc-
tuations that entrain warm and dry air from the free
troposphere into the boundary layer [16]. The resulting
cooling rates at the top of the atmospheric boundary layer,
∼5–10 K=h, are much larger than typical surface heating
or cooling rates, which are usually below�1 K=h [15–17].
Compared with clear-sky conditions, cloud-top cooling
strongly enhances turbulent entrainment and accelerates
the growth of the inversion-layer height [14,18]. The
presence of clouds also leads to a marked increase in
turbulent kinetic energy within the boundary layer [19,20];
therefore, the presence of such cloud processes is expected
to influence wind-farm-scale losses and wake recovery.
Finally, it is worth mentioning that the presence of wind
farms, in turn, can significantly affect the development of
the cloud itself. Recent simulations and measurements
have shown that wind-farm-induced blockage and wakes
can perturb the cloud layer. They can increase liquid water
near the farm entrance and decrease it farther downstream,
with measurable effects on cloud radiative properties and
precipitation, indicating that wind-farm-cloud interaction
is bidirectional [21–24].
Understanding these complex processes requires

capturing both cloud-top turbulence and wind-farm flow

accurately. Large-eddy simulations (LES) provide such a
framework and accurately represent cloud dynamics when
the grid spacing is sufficiently fine to capture small-scale
convection [25–27]. In this work, we present a systematic
LES study of how low-level clouds influence wake recovery
in offshore wind farms, using high-resolution simulations of
stratocumulus-topped boundary layers (STBLs) across a
range of atmospheric conditions. We first perform an
ensemble analysis to isolate the role of cloud-top radiative
cooling and then simulate an offshorewind farm under three
representative conditions: a fully developed STBL, a case
without radiative cooling, and a clear-sky case without
liquid water. The analysis focuses on turbulent energy
entrainment, wake-induced turbulent kinetic energy, and
the mechanisms governing wind farm-atmosphere inter-
actions in the presence of clouds.
The rest of the paper is organized as follows. Section II

describes the numerical methodology and Sec. III intro-
duces the parameter space used to isolate the effects of
cloud-radiative forcing. Section IV presents the atmos-
pheric inflow conditions considered for the wind-farm
simulations, while Sec. V explains their numerical setup.
The impact of the wind farm on turbulent kinetic energy is
analyzed in Sec. VI, followed by an examination of wake
recovery in Sec. VII. Section VIII assesses wind-farm
power performance and Sec. IX investigates the wake
energy budget. Finally, Sec. X summarizes the main
findings and offers concluding remarks.

II. NUMERICAL METHOD

The simulations use an in-house LES framework
that has been applied extensively to wind-energy and

FIG. 1. Geographical distribution of annual cloud cover and locations of operating wind farms. Black dots indicate turbine positions
based on the GWEC database [6]. The color map shows mean cloud cover derived from data collected between 1971 and 1996 over
land and between 1954 and 1997 over the ocean (Hahn and Warren [7]).

SELVATICI and STEVENS PRX ENERGY 5, 033014 (2026)

033014-2



atmospheric-flow problems (e.g., [12,13,28–30]). The
code has been extended to simulate clouds and has been
validated for both precipitating and nonprecipitating
STBLs using observations from the second dynamics
and chemistry of marine stratocumulus field study
(DYCOMS-II RF01) and atlantic stratocumulus transition
experiment (ASTEX) field campaigns [25,27].
The code employs a pseudospectral scheme with

spectral derivatives in the horizontal directions and
second-order centered finite differences in the vertical.
The 3=2 dealiasing rule removes aliasing errors from the
nonlinear terms, yielding a nondissipative discretization
[31]. Double-periodic boundary conditions are applied
horizontally [32–34]. Time integration uses a third-order
Adams-Bashforth scheme with a constant Courant-
Friedrichs-Lewy number of 0.1. Surface fluxes follow
Monin-Obukhov similarity theory [32]. Subgrid-scale
stresses and scalar fluxes are modeled with the anisotropic
minimum dissipation (AMD) formulation [29,35,36].
The LES solves the anelastic form of the Navier-Stokes

equations, which retain weak compressibility effects while
filtering acoustic waves. Unlike the Boussinesq approxi-
mation, the anelastic formulation accounts for vertical
density stratification and is therefore well suited for
simulations of STBLs [25,37,38]. The reference density
profile ρref ¼ ρrefðzÞ is time invariant and obtained from
the initial moisture scalars through hydrostatic balance.
With this choice, the governing equations can be written as

∇ · ðρrefũÞ ¼ 0; (1)

∂ũ
∂t

þ ðũ ·∇Þũ ¼ −1=ρref∇p̃� þ∇ · τ̃ þ fcðũ − UGÞ
þ gβ þ FT; (2)

∂h̃
∂t

þ ðũ ·∇Þh̃ ¼ 1=ρref∇ · ðρrefkh∇h̃Þ −∇ · Rþ ω∂zh̃;

(3)

∂q̃t
∂t

þ ðũ ·∇Þq̃t ¼ 1=ρref∇ · ðρrefkqt∇q̃tÞ þ ω∂zq̃t: (4)

where the symbol ·̃ denotes the LES filtering operator.
Equations (1) and (2) represent the continuity and momen-
tum equations. Here u is the resolved velocity field; p̃� is
the modified pressure that enforces the continuity con-
straint; τ̃ is the SGS stress tensor and τij ¼ guiuj − ũiũj is
its deviatoric and traceless part, while the trace of the SGS
stress tensor τtkk=3 is absorbed into the modified pressure
p̃�; fc is the Coriolis frequency; UG is the geostrophic
velocity in the free troposphere; g ¼ 9.81 m=s2 is the
gravitational acceleration; and FT is the turbine-induced
forcing (see Sec. V). The momentum and continuity
equations are coupled to the moisture equations through
the buoyancy parameter β ¼ ðρref − ρÞ=ρref.

Equations (3)–(6) govern the evolution of the moisture
fields, where qt is the total water content (the sum of vapor
and liquid water specific humidities, qt ¼ qv þ ql), and h
is the liquid-water static energy, defined as the sum of
enthalpy and potential energy,

h ¼ ½cd þ qtðcv − cdÞ�T − qlLv þ gz; (5)

where cd, cv, and cl are the specific heat capacities of dry
air, water vapor, and liquid water, respectively; Lv ¼
LvðTÞ is the temperature-dependent latent heat of vapori-
zation [26,37]; and z is the vertical coordinate. The
coefficients kh and kqt are the diffusivities, modeled with
the same AMD formulation used for the subgrid-scale
stresses. The large-scale subsidence velocity is prescribed
as ω ¼ ω0z, where ω0 is the imposed subsidence rate.
From h and qt, the liquid-water specific humidity ql is

obtained iteratively from

ql ¼ qt − qv

þ δ
∂ql
∂qt

�
logð2Þ − log

�
tanh

�
qt − qsat

2δ

�
þ 1

��
;

(6)

where qv is obtained iteratively using an eighth-order
polynomial approximation to the Clausius-Clapeyron
relation [37,39].
Finally, the term R represents the longwave radiative

forcing. Following Chung et al. [40], the net longwave
radiative forcing is modeled as

R ¼ F0e−κLWPðzÞ þ Cz; (7)

where LWP is the liquid water path, which represents the
vertically integrated liquid water content and is defined as

LWP ðx; y; z; tÞ ¼
Z

Lz

z
ρrefðzÞqlðx; y; z0; tÞdz0; (8)

where Lz is the vertical extent of the computational
domain. In Eq. (7), C is a constant representing the
longwave radiative cooling in the free troposphere,
set to C ¼ 0.024 W=m3 following Chung et al. [40],
which can be used also in cases without liquid water
(where LWP ¼ 0) or without radiative cooling, as further
explained in the next sections. A tropospheric relaxation
term is applied following Bretherton et al. [41] to counter-
act subsidence warming above the boundary-layer top.
Because of the additional state variables and the vertical
integration required for the radiative forcing, these equa-
tions carry a substantially higher computational cost than
conventional LES under cloud-free conditions.
As reference values for the thermodynamic constants

and initial profiles, we adopt measurement-based param-
eters from the ASTEX campaign, which are representative
of typical STBLs [17,27,40,41]. The initial inversion
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height is H0 ¼ 662.5 m. The Coriolis parameter is fc ¼
8.7 × 10−5 s−1, representative of the latitude at which
ASTEX measurements were taken [42]. The surface
roughness length is z0 ¼ 2 × 10−4 m, characteristic of
open-sea conditions [27]. Parameters not specified here
are defined in the corresponding sections.

III. ENSEMBLE ANALYSIS

To investigate the effect of radiative forcing on atmos-
pheric convection in a typical marine STBL, we system-
atically vary the subsidence rate, sea-surface temperature,
relative geostrophic velocity, inversion-layer strength, total
water-humidity difference, and net shortwave radiative
forcing. The initial conditions for all cases are summarized
in Table I and compared with values from the ASTEX LES
database by van der Dussen et al. [27] and the study by
Chung et al. [40]. These studies include cases with low
cloud cover and stratocumulus-to-cumulus transitions and
therefore cover a broader parameter space than the present
study. Here, we focus on well-sustained cloud decks. The
simulations share the same initialization and are grouped
into two sets: (i) 64 cases representing a typical marine
STBL and (ii) 64 cases in which cloud-top longwave
radiative cooling is suppressed [F0 ¼ 0 in Eq. (7)]. This
yields a total of 128 simulations.
A uniform horizontal grid spacing of 62.5 × 62.5 m2 is

used. The vertical spacing is 10 m up to an altitude of 2 km,
above which the grid is gradually stretched to a maximum
spacing of 40.7 m at the top of the domain. The compu-
tational domain has dimensions of 2 × 2 × 3.5 km3.
Test simulations conducted with higher resolution or
larger domain size showed no significant differences in
the reported steady-state results, supporting the use of the
chosen setup [27,40]. Following Chung et al. [40], the
boundary conditions are prescribed as constant in time to
allow the system to reach statistically steady conditions,
consistent with the approach of van der Dussen et al. [43].
Each simulation is integrated for 110 h to ensure statistical
stationarity.
The goal is to isolate the effect of radiative forcing on

atmospheric convection in a typical marine STBL. To this

end, a second group of simulations removes the main
source of cloud-top cooling, allowing us to examine how
surface fluxes, entrainment, and subsidence maintain
turbulence when the cloud layer is no longer driven by
radiation. In simulations that include radiative cooling, the
cloud-top radiative flux F0 in Eq. (7) is estimated using the
rapid radiative transfer model (RRTMG) full-radiative
scheme [44]. For cases with Δqt ¼ −1.1 g kg−1, F0 ¼
74 Wm−2, consistent with Chung et al. [40], while for
Δqt ¼ −4.6 g kg−1, F0 ¼ 90 Wm−2. Both day- and night-
time conditions are considered, with solar shortwave
heating parametrized using the delta-Eddington approxi-
mation with a solar constant of 1376 W=m2 and a zenith
angle of 52°, following van der Dussen et al. [43]. The day-
time shortwave heating partially offsets cloud-top radiative
cooling and reduces the inversion-layer height in both
cases, thereby decreasing the liquid-water content. We
define the inversion height as the level where ql rapidly
decreases to zero, or equivalently, the height of the maxi-
mum gradient of h and qt. Although several definitions of
zi are possible, the strong capping inversion ensures that
differences among them are within a few tens of meters.
The parameter space explored corresponds to typical
offshore conditions, where surface heating is relatively
weak, as in persistent marine stratocumulus decks.
Figure 2 compares the steady-state cloud-top heights

from all simulations. Panel (c) shows the ensemble-mean
inversion height across the full parameter space. In all cases,
the STBL is deeper than in the corresponding simulations
without radiative cooling. This difference results from long-
wave cooling by liquid water, which enhances convective
instability and promotes entrainment of free-tropospheric
air [14,16]. The associated increase in entrainment raises the
boundary-layer top. For the STBL cases, z̄i ≈ 1.25 km,
whereas for the cases without radiative cooling
z̄i ≈ 0.39 km. The larger boundary-layer depth in the
STBL cases implies a greater available momentum flux,
which is expected to affect wind-farm wake recovery.
Supporting the ensemble analysis, Stevens [18] showed

that boundary-layer growth under cloudy conditions is
faster than in cloud-free cases, consistent with our results.

TABLE I. Description of the atmospheric and sea-surface conditions considered, resulting in a total of 128 simulations. The left
column lists the perturbed variables, and the middle and right columns report the numerical values used and, for comparison, the
minimum and maximum values corresponding to the STBL simulations by van der Dussen et al. [27] and Chung et al. [40] using LES.

Variable Present work ASTEX LES [27] Chung et al. [40]

Subsidence rate ω0 ð4; 9Þ × 10−6 s−1 ð1; 5Þ × 10−6 s−1 ð8; 9Þ × 10−6 s−1
Sea-surface temperature SST ð290.3; 292.5Þ K ð290.3; 294.6Þ K ð293; 300Þ K
Geostrophic velocity uG ð6; 10.2Þ m=s ð3.1; 10.2Þ m=s 10.44 m=s
Inversion strength Δθl ð5.5; 10.5Þ K ð4; 5.7Þ K 5 K
Total humidity difference Δqt ð−4.6;−1.1Þ g=kg ð−3;−1Þ g=kg −0.9 g=kg
Net shortwave radiative flux ðDay; nightÞ ðDay; nightÞ Night
Radiative cooling ðActive; not activeÞ Active Active

SELVATICI and STEVENS PRX ENERGY 5, 033014 (2026)

033014-4



Likewise, Mehta et al. [45] reported that low-level clouds
confined within the atmospheric boundary layer, such as
stratus and stratocumulus, promote deepening through
enhanced cloud-top entrainment. Observations by
Koning et al. [46] at the Cabauw observatory in The
Netherlands further indicate that the mixed-layer top is
higher when clouds are present than under clear-sky
conditions, while surface-layer temperature fluxes remain
essentially unchanged. Finally, the cooling induced by the
cloud-top radiative jump typically reaches 5–10 Kh−1
[14], which exceeds typical surface-heating rates that
are generally below 1 Kh−1 [17]. As a result, cloud-top
cooling drives stronger boundary-layer growth through
entrainment than surface heating and convection.
In the present simulations, identical initial and boundary

conditions are used within each pair of cases to isolate the
effect of radiative cooling, which would otherwise be
coupled with additional processes. Under strong daytime
solar radiation, however, reduced cloud albedo in the
radiative-free cases could lead to higher surface temper-
atures. Determining the conditions under which boundary-
layer growth driven by surface warming exceeds that
induced by radiative cooling is left for future investigation.
The parameter space examined here is representative of
typical offshore North Sea environments at operating wind
farms where surface warming by shortwave radiation is
relatively weak. Finally, we focused on fully developed
cloud decks with strong radiative properties. Thin clouds
with low cloud cover could have less influence on the
boundary-layer structure and thus on the wind-farm wake
recovery.

IV. ATMOSPHERIC INFLOW CONDITIONS

Two nocturnal cases representative of the explored
parameter space are used for the wind-farm simulations.

A third scenario sets ql ¼ 0, removing all cloud liquid
water and providing a clear-sky baseline without radiative
or cloud-driven processes. The cases are intentionally
idealized and are not meant to reproduce the real atmos-
phere. Instead, they form a simple hierarchy in which
individual forcings are progressively removed. This
approach enables us to identify how cloud-top radiative
cooling and cloud liquid water each influence boundary-
layer evolution and structure.
The STBL case, referred to as case A, uses the radia-

tive formulation in Eq. (7) with F0 ¼ 74 W=m2 and
κ ¼ 130 m2=kg, following Chung et al. [40] and using
the RRTMG scheme. The second configuration, case B, is
radiative-free and uses F0 ¼ 0 W=m2. The third configu-
ration, case C, is cloud-free, and it is obtained by setting
ql ¼ 0, so LWP ¼ 0, removing radiative cooling by
consequence. Cloud-free boundary layers are driven only
by surface heating. In contrast, net radiative cooling at
the top of the boundary layer occurs only when liquid
water is present [14,16]. As a result, the only difference
between cases B and C is the buoyancy contribution from
liquid water.
The three cases are initialized with identical vertical

profiles and share the same boundary conditions. Below
the initial inversion height, h and qt are set to 295 kJ=kg
and 10.2 g=kg, respectively. The inversion strength is
Δh ¼ 5 kJ=kg (equivalent to Δθl ¼ 5.5 K), and Δqt ¼−1.1 g=kg. Above zi, the lapse rate of h is 5.2 kJ=ðkg kmÞ,
and the lapse rate of qt is −2.8 g=ðkg kmÞ. To avoid
negative values, qt is relaxed exponentially to zero
above z ¼ 3 km [27,47]. The geostrophic wind speed is
UG ¼ 10.2 m=s. The large-scale subsidence rate is
9 × 10−6 s−1, the sea-surface temperature is 291 K, and
the surface pressure is 1.029 bar [40]. In these cases,
shortwave radiative heating is disabled to represent noc-
turnal conditions.

FIG. 2. Evolution of the inversion-layer height across the sensitivity ensemble (see also Table I). (a) Cloud-top evolution in
simulations that include radiative cooling. (b) Same as (a), but with F0 ¼ 0 [Eq. (7)]. (c) Comparison between the two sets of
simulations. The orange dashed line in panel (c) indicates the ensemble-mean cloud top from simulations in (a), and the blue dashed
line shows the one representative case from (b).
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These cases are run at higher resolution in a domain
of 5 × 5 × 3 km3, discretized with 180 × 180 × 384 grid
points in the streamwise, spanwise, and vertical direc-
tions. This corresponds to a horizontal grid spacing of
27.78 × 27.78 m2. The vertical spacing is 5 m up to an
altitude of 1.5 km, above which it gradually increases. This
configuration provides the resolution needed for the
subsequent wind-farm simulations. Each case is integrated
for 100 h to reach a statistically steady state, after which
the domain is extended to include the wind farm. This
strategy reduces computational cost and has been used in
previous studies [11,48,49]. The Appendix presents the
convergence of zi, LWP, and u�.
Table II summarizes the boundary-layer height for the

three cases, and Fig. 3 shows the corresponding steady-
state vertical profiles. Here, the liquid-water poten-
tial temperature is defined as θl ¼ θ exp½−qlLv=ðcpTÞ�,
where θ is the dry-air potential temperature [50]. The
inversion-layer height, defined as the level where θl and qt
have their maximum gradients, varies across the cases.
Cloud-top radiative cooling creates convective instability
that strengthens the entrainment of free-tropospheric air
[14,16], thereby opposing the downward motion caused by
subsidence. When radiative cooling is reduced (cases B
and C), this convective enhancement weakens, and the
inversion height decreases. In those cases, the boundary

layer is lower, as it is driven only by surface sensible and
latent heat fluxes. It is worth mentioning that the moist
boundary-layer conditions considered for the wind-farm
cases are realistic atmospheric conditions, but they are not
intended to span the full range of possible conditions. A
broader exploration of the effect of inversion strength,
cloud properties, moisture content, and atmospheric sta-
bility would be valuable but is beyond the scope of the
present study.
The inversion-layer heights in cases A and B, being

zi ¼ 1.2 km and zi ¼ 0.39 km, respectively, closely match
the values of the ensemble average. The lower inversion
height in case C (zi ¼ 0.28 km) is a consequence of the
absence of liquid water, which decreases buoyancy by
modifying the temperature stratification in the cloud layer
and reducing the counteracting force to subsidence when
compared to case B. In case A, cloud-top convective
instability produces a localized peak in k near the cloud top
and raises k throughout the boundary layer [Fig. 3(d)].
This region overlaps with a peak in ql, creating a local
maximum in LWP that strengthens radiative forcing and
further enhances turbulence. As a result, this cloud-top
peak is absent in cases B and C, which show only the near-
surface maximum in k associated with velocity shear.
Correspondingly, the turbulence intensity at hub height,

defined as TI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u02 þ v02

p
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
, is higher in case A

(10%) than in cases B (5.6%) and C (5.2%). Consistent
with these trends across the parameter space analyzed in
Sec. III, the STBL simulations feature a higher TI at hub
height in all cases except three in which the gap between
the two pairs of simulations is close to zero. In general, we
observe that the lower the cloud-layer height, the stronger
its influence on the turbulent kinetic energy. For higher-
altitude and decoupled clouds, the vertical mixing in the
lower part of the boundary layer is reduced, decreasing the
differences in TI at hub height but producing a higher

FIG. 3. Characterization of the marine atmospheric boundary layer for cases A, B, and C (see Table II), showing (a) liquid-water
potential temperature, (b) total-water specific humidity, (c) liquid-water specific humidity, (d) turbulent kinetic energy (k), and
(e) relative velocity magnitude. Statistics are averaged over the final 2.5 h of each simulation. The light-blue region marks the area
swept by the turbine rotors, and the dashed line indicates the hub height.

TABLE II. Overview of the marine atmospheric boundary-
layer cases considered in this study. Case A corresponds to a
STBL. Case B imposes zero net radiative forcing [Eq. (7)].
Case C sets the liquid-water specific humidity to zero (ql ¼ 0).

Case Description zi [km]

A STBL 1.20
B F0 ¼ 0 W=m2 0.39
C ql ¼ 0 g=kg 0.28
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turbulent kinetic energy in the higher regions of the
boundary layer.
Differences in boundary-layer structure have a pro-

nounced effect on the velocity profiles [Fig. 3(e)].
Because the boundary layer is deeper in case A, the shear
within the rotor region is lower than in the other cases. In
contrast, cases B and C show velocity peaks near the rotor-
top height, corresponding to super-geostrophic jets typical
of nocturnal boundary layers [51–54]. The resulting hub-
height velocity is lower in case A (uhub ¼ 8.9 m=s) than in
the other two cases (uhub ¼ 9.2 m=s for case B and uhub ¼
9.4 m=s for case C). The horizontal momentum within the
boundary layer, i.e.,

R zi
0 urelðzÞdz in case A, is approx-

imately 3.1 times larger than in case B and 4.5 times larger
than in case C, mainly due to the higher boundary-layer
height [see Fig. 3(e)]. This trend is observed in all cases of
the parameter space considered in Sec. III. As described in
the following, the higher momentum availability is among
the factors contributing to the wind-farm wake develop-
ment and energy transfer in the boundary layer.

V. WIND-FARM CHARACTERIZATION
AND SIMULATION

To represent a characteristic mid-sized offshore wind
farm, we consider a 9 × 5 staggered wind-farm array with
a spacing of 5D in both the streamwise and spanwise
directions, using the IEA 10 MW offshore reference
turbine [55,10]. This turbine has a rotor diameter of
D ¼ 198 m, a hub height of 119 m, and a thrust coefficient
of CT ¼ 0.88 [55]. The location of the wind farm within
the computational domain is shown in Fig. 4. A propor-
tional-integral controller maintains the planar-averaged
wind direction at hub height at 0° [56]. Turbines are
represented using the Actuator Disk Model with a cor-
rection for low-resolution effects [57], which is well suited
for capturing large-scale interactions between wind farms
and atmospheric dynamics when large-scale atmospheric

effects are studied, as shown by Wu and Porté-Agel
[58,59] and Stevens et al. [60].
The steady-state conditions described above provide the

inflow for the wind-farm simulations. The inflow is
generated using the concurrent precursor method [61],
combined with the improved fringe-region technique of
Lanzilao and Meyers [49], which ensures that the flow
entering the wind-farm domain remains undisturbed. In
this approach, a secondary domain without turbines is
simulated alongside the wind-farm domain, and at each
time step, a portion of its flow field is copied into the fringe
region (Fig. 4). To simulate large-scale wind farm-atmos-
phere interactions, we use a computational domain of
70 × 15 × 10 km3, discretized with 2520 × 540 × 650 grid
points in both the concurrent and precursor domains. The
horizontal grid spacing is 27.78 m, while the vertical
spacing is 5 m up to an altitude of 1.5 km. Above this
height, the grid is gradually stretched, reaching a maxi-
mum vertical spacing of 45.5 m at the domain top. This
discretization provides a consistent and computationally
efficient framework for resolving both wind-energy and
cloud-physics processes (see, e.g., [10,12,13,27,40]).
To extend the initialization simulation to the target

domain size, we employ the tiling technique [11,48,49],
while preserving the same grid resolution. In the free
troposphere, where turbulent fluctuations are weak, the
flow is vertically extrapolated [49]. After the expansion of
the domain, the flow evolves for one physical hour before
the wind farm is introduced. The simulation then continues
for an additional 3.5 h, after which statistics are collected
over a two-hour averaging period. In total, 6.5 h of flow
evolution are simulated in the extended domain, following
100 h of spin-up in the initialization domain.

VI. WIND FARM EFFECT ON TURBULENT
KINETIC ENERGY

Wind turbines perturb the incoming flow through their
forcings, which promote mixing and enhance turbulent

FIG. 4. Characterization of the numerical domain used for the wind-farm simulations. The vertical domain height is 10 km. The right
side of the domain contains a fringe region that applies the forcing prescribed by the concurrent precursor method [61]. The damping
region corresponds to the advection damping introduced through the fringe-region technique [49,62].
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motion in their wakes. Figure 5 shows the wind farm-
added turbulent kinetic energy, k, for the three considered
cases, defined as k ¼ 1=2ðhu02i þ hv02i þ hw02iÞ, where u0,
v0, and w0 denote the velocity fluctuations in the stream-
wise, spanwise, vertical directions, respectively, and h□i
denotes time averaging. The extent of the regions with
enhanced mixing depend on the inflow velocity profile,
atmospheric stability, and turbulent entrainment into
the wind farm from above and the sides, which
together control the rate of flow recovery to the inflow
conditions [8,9,63].
In case A, the wake-added k is visible up to approx-

imately z ∼ 0.8 km and extends more than 35 km down-
stream. Its downstream development is different in the
other cases, in which the peak of wake-added k develops
for shorter distances. Moreover, it is confined vertically to
roughly z ∼ 0.4 km in cases B and C. This difference
primarily results from variations in the inversion-layer
height and strength, which are influenced by cloud-top
radiative cooling. In shallow boundary layers (cases B and
C), the wake cannot penetrate above the capping inversion
at the top of the atmospheric boundary layer. As a result,
only a limited amount of turbulence penetrates above the

inversion, as reflected by the weak increase in k at those
heights. In the STBL case (case A), this constraint is
absent, allowing access to a larger momentum reservoir
within the boundary layer, which can be beneficial for
wind-farm wake recovery.
The wind farm also affects the inversion-layer height,

indicated by the gray dashed lines (Fig. 5). In all three
cases, the boundary-layer height starts to fluctuate near
the wind-farm entrance, as a consequence of the wind-
farm-induced gravity waves, a pressure perturbation that
can extend for tens of kilometers around the wind farm
[10,64–66]. Moreover, in the cases that feature the pres-
ence of liquid water (A, B), the wind farm influence
extends up to that height, causing visible effects on the
cloud evolution. For example, in case A, the cloud top is
deformed, and in case B, the liquid water humidity slightly
enlarges over the wind farm and reduces downstream,
evaporating completely. Although the absence of radiative
cooling in case B could facilitate this abrupt effect on a
cloud, preliminary simulations performed using different
atmospheric conditions and similar boundary-layer heights
have shown that this effect can happen also in a full STBL.
In general, these changes have a significant impact on

FIG. 5. Comparison of the wind farm-induced changes in horizontally averaged turbulent kinetic energy (k) for cases A, B, and C,
relative to the inflow value. Gray dashed line indicates the inversion-layer height, and the superimposed white regions delineate regions
which contain liquid water, i.e., where hqli > 0.
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cloud-layer dynamics, with direct consequences for cloud
liquid-water content and its radiative properties [21].

VII. WIND-FARM WAKE RECOVERY

Figure 6 compares the average hub-height velocity
across the three cases and reveals clear differences in
wake recovery related to the boundary-layer structure, as
shown by the 90% velocity threshold relative to the inflow.
Figure 6(d) reports the streamwise velocity averaged in the
wind-farm width and highlights the faster wind-farm wake

recovery in case A, which becomes evident about 4 km
downstream of the wind-farm exit, at x − x0 ∼ 12 km.
These variations in wind-farm wake recovery emphasize
the crucial role of boundary-layer processes. Cloud-top
cooling enables faster wake recovery, with both the
inversion-layer height and turbulence intensity serving as
key control factors. Consistent with this result, Lanzilao
and Meyers [11] showed that even with identical turbu-
lence intensity at hub height, a deeper boundary layer leads
to faster wake recovery. Therefore, the deepening of the
boundary layer caused by cloud-top cooling creates a

FIG. 6. (a), (b), (c) Time-averaged wind speed at hub height, normalized by the inflow velocity. Contours indicate regions where
u=uhub ¼ 0.9 for each case. (d) Comparison of the streamwise evolution of the velocity for the three cases, normalized by the respective
inflow velocities and averaged across the wind-farm span and rotor height. The light-blue-shaded region marks the wind farm location.

LOW-LEVEL CLOUD RADIATIVE FORCING ENHANCES… PRX ENERGY 5, 033014 (2026)

033014-9



favorable environment for wake recovery, and the asso-
ciated increase in turbulence intensity further facilitates
this process.
To understand the different wake-recovery mechanisms

among the cases, Fig. 7 presents the vertical velocity
deficit δ, defined as the relative difference between the
local velocity magnitude and the inflow velocity at hub
height. To highlight the recovery immediately down-
stream of the wind farm, δ is normalized by its value at
the wind-farm exit (x − x0 ¼ 8 km). Vertical profiles are
displayed at three downstream locations: the wind-farm
exit [panel (a), x − x0 ¼ 8 km], the near-wake region
[panel (b), x − x0 ¼ 12 km], and the far-wake region
[panel (c), x − x0 ¼ 30 km]. At the wind-farm exit, the
wake structure is similar for all cases. However, noticeable
differences in wake recovery already appear 4 km down-
stream [panel (b)]. Although the velocity deficit at hub
height is comparable for cases A and B [see Fig. 6(d)], the
wake in case A extends to higher altitudes above the wind
farm (z≳ 0.3 km). This increased vertical extent becomes
even more evident in the far-wake region at x − x0 ¼
30 km [Fig. 7], consistent with the faster downstream
recovery seen in case A.
Multiple physical mechanisms contribute to the

enhanced wind-farm wake recovery. In cases B and C,
recovery immediately downstream of the wind farm
(within the first 4 km) benefits from the presence of a
supergeostrophic jet just above the farm, a characteristic
feature of shallow boundary layers [10,54]. This jet is
absent in case A (see Fig. 3), and previous works show that
it is able to enhance energy entrainment into both the wind
farm and its wake [11,51,52]. Farther downstream, other
boundary-layer processes dominate wake recovery. In
case A, the larger momentum flux and higher turbulence
intensity enable stronger energy entrainment into the wake
through larger-scale motions. In contrast, the lower inver-
sion-layer height in cases B and C confines the wind-farm

wake and the region to which it can draw additional
momentum to z≲ 0.4 km. To assess the relative impor-
tance of these mechanisms and determine the one that
dominates wind-farm wake recovery, we analyze the
mechanical energy flux budget in Sec. IX.

VIII. WIND-FARM PERFORMANCE

Here we examine the wind-farm power production to
assess whether differences in farm-wake recovery are
related to turbine performance and wind turbine forcing.
Figure 8 shows the row-averaged power production of
each turbine row for the three cases. Panel (a) presents the
absolute power, while panel (b) shows the power normal-
ized by the first-row value. In this case, the first-row power
produced in case A is higher than in the other cases, with a
difference of approximately 5% compared with case C
and 7% compared with case B. This is due to the higher
boundary-layer height of case A, which decreases the
blockage with respect to the other cases [Fig. 6(d)], due to
which the velocity at the wind farm entrance is higher.
Within the wind farm, the differences become more
pronounced, particularly over the first three rows. This
reflects the combined influence of boundary-layer entrain-
ment and turbine-wake interactions on power production.
In addition, turbine-induced gravity waves result in veloc-
ity oscillations that affect the power output of the down-
stream rows and reduce the overall wind farm efficiency
[64]. This effect is more pronounced in cases B and C due
to their lower inversion-layer heights. Farther downstream,
beyond row 5, the power production becomes similar
across all cases. Here, the maximum differences between
the three simulations are about 5% in rows 8 and 9, as
shown in both panels.
Although the presence of clouds can also influence the

power output of wind farms, the relative similarity among
the cases considered here, especially toward the end of the
wind farm, likely results from two compensating effects:

FIG. 7. Comparison of the normalized velocity deficit at three downstream locations of the wind farm: (a) x − x0 ¼ 8 km,
(b) x − x0 ¼ 12 km, and (c) x − x0 ¼ 30 km. The light-blue shaded region denotes the rotor-swept area, and the dashed line indicates
the hub height.
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the higher inflow velocities in cases B and C (Fig. 3) but
lower boundary-layer height, which tend to increase
blockage intensity; and the lower inflow velocity but
higher inflow turbulence intensity and boundary-layer
height in case A. However, the similarity in the power
output is advantageous in this case, as it allows the wake-
recovery mechanisms to be examined independently of
large differences in turbines forcing the flow. In general,
inversion-layer height, turbulence intensity, and inversion
strength can lead to substantial variations in power
production (see, e.g., Lanzilao and Meyers [10]); there-
fore, the present results should not be interpreted as
representative of the overall cloud impact on wind-farm
power. Instead, they confirm that the observed differences
in far-wake recovery are primarily controlled by boundary-
layer structure rather than by variations in turbine thrust.

IX. ENERGY FLUXES GOVERNING WIND-FARM
WAKE RECOVERY

To study the processes governing near- and far-wake
recovery, in this section, we analyze the energy contribu-
tions that drive wake recovery, providing insights relevant
for future modeling efforts [63,67,68]. To this end, we
consider the kinetic energy flux budget, obtained by
multiplying the momentum (Eq. 2) by ui:

1

2

∂u2i
∂t

þ 1

2

∂u2i uj
∂xj

¼ − 1
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ui

∂p
∂xi

− ui
∂τij
∂xj

þ δi3uigβ

þ ϵij3fcuiðuj − uGÞ: (9)

In this formulation, the filtering operator ·̃ is omitted for
simplicity, and the turbine forcing is not included because
it vanishes in the wake. After time averaging, applying the
continuity equation, and rearranging terms, one obtains the
following x-dependent balance equation for the mechani-
cal energy fluxM [69]. Each term δ□ is averaged over the
spanwise and vertical areas swept by the rotors.
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(10)

where Sij is the rate of strain tensor, Sij ¼
1=2ð∂ui=∂xj þ ∂uj=∂xiÞ. When integrated along the wake
extension Lw, Eq. (10) becomes

M ¼ −T t þ GþD − B: (11)

On the left-hand side, M includes the contributions
from kinetic energy and pressure work and represents the
flux of mechanical energy that promotes wake recovery.
The terms on the right-hand side act as sources or sinks
of mechanical energy flux, thereby either enhancing
or impeding wake recovery. Specifically, T t denotes
turbulent energy transport, including subgrid-scale (SGS)
fluxes; G represents the contribution from large-scale
geostrophic forcing; D corresponds to energy dissipation;
and B accounts for energy production or dissipation due to
buoyancy effects. To isolate the impact of the wind farm,
the budget is evaluated relative to the inflow domain.
The top panels of Fig. 9 show the streamwise evolution

of the energy-balance equation in the wind-farm wake.
This allows us to assess the roles of energy production,
dissipation, and transport in wake recovery. In all cases,

FIG. 8. Comparison of the row-averaged wind-farm power production as a function of turbine row. (a) Turbine power normalized by
the maximum first-row value across all cases. (b) Turbine power normalized by the first-row value of each case.
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the residual, defined as the algebraic sum of all terms and
accounting for numerical and time-convergence errors,
remains close to zero. All budget terms decay with x
before the streamwise velocity has recovered its upstream
value in the wind-farm wake (Fig. 6). This reflects the
faster adjustment of turbulence to the perturbation due to
the wind farm. The contributions of D and G − B are of
lower magnitude and peak near the wind-farm exit due to
the wind-farm-added k (see Fig. 5), before decaying
downstream. In contrast, δM and δT t retain larger
magnitudes throughout the wake. This shows that turbulent
energy transport is the dominant contributor to wind-farm
wake recovery. When the transport is further decomposed
into horizontal and vertical components, the vertical con-
tribution dominates (not shown). This indicates a down-
ward transfer of energy from higher atmospheric layers to
the wind-farm region [69].
To quantify the cumulative contribution of each term

within the wake, the bottom panels of Fig. 9 show their
integrals from one rotor diameters downstream of the wind-
farm exit, that is, from x − x0 ¼ 8.2 km to x − x0 ¼ 25 km
(see Fig. 4). In case A, the mechanical energy flux M is
larger than in the other cases, indicating a higher energetic
content in the wake and promoting faster recovery. This
behavior is consistent with the elevated k in the stratocu-
mulus-topped boundary layer with cloud-top cooling (see
Fig. 3). Further insight is provided by the ratio −T t=M,

which quantifies the relative contribution of turbulent trans-
port to the mechanical energy flux. Case C shows the largest
magnitude of this ratio, indicating that downward turbulent
energy transport is more effective relative to the available
mechanical energy than in case A. At the same time, case A
features the largest available momentum flux, which favors
the strongest overall entrainment into the wake.
In the cases considered, wake recovery is mainly

governed by turbulent energy transport. To examine its
spatial structure in the ðx; zÞ plane, we analyze the vertical
component of the turbulent transport flux hū u0w0i.
Figure 10 shows the evolution of this flux in and down-
stream of the wind farm, where its contribution to T t is
largest. The results show a clear downward transport of k
from the upper to the lower parts of the boundary layer.
Both the magnitude and the vertical extent of hū u0w0i=u3hub
depend strongly on the boundary-layer properties. In case
A, consistent with the k field shown in Fig. 5, the region of
downward energy transport extends farther downstream
and up to heights of about 1 km. This behavior results from
enhanced mixing in the stratocumulus-topped boundary
layer due to cloud-top cooling and increased turbulence
near the cloud top. In case B, the flux reaches a similar
magnitude within the wind farm but is more vertically
confined, while in case C, it is further reduced. In both
cases B and C, the flux remains below z ∼ 0.4 km,
limited by the inversion-layer height. As a result, both

FIG. 9. Comparison of the energy-budget components for cases A, B, and C. The top panels show the streamwise evolution of the
individual components, while the bottom panels show their cumulative integrals along the wake.
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the downward transport of energy and the energy available
for wake recovery are reduced compared to case A.
Previous works demonstrate that the energy entrainment

into the wind farm is favored by intense supergeostrophic
jets above the turbine layer [51,52]. For this reason, the
magnitude of hū u0w0i is larger in case B than in case C (see
Fig. 10), reflecting the combined influence of the strength
of the supergeostrophic jet and of the inversion-layer
height. In case B, the region of downward energy transport
extends to approximately x − x0 ∼ 12 km. Beyond this
point, the jet weakens and wake recovery slows down, and
wake recovery in case A becomes quicker than in case B
(see Figs. 6 and 7). In conclusion, the presence of the
supergeostrophic jet is favorable only in the near-wake of
the wind farm, while farther downstream, the higher
turbulence intensity and momentum flux availability of
case A become dominant, thereby enhancing the wake
recovery in the far-wake region.

X. CONCLUSIONS

We showed that the presence of low-level clouds in
atmospheric boundary layers can be beneficial for the
wake recovery of large offshore wind farms. To understand
the underlying mechanisms, we examined three idealized
scenarios using high-resolution Large Eddy Simulations:
(A) a full stratocumulus-topped boundary layer (STBL),
(B) a cloud-topped boundary layer without cloud-top
radiative cooling, and (C) clear-sky conditions. These
cases progressively remove specific physical processes,
allowing us to clearly attribute differences in wake
recovery to cloud-top radiative cooling and thus to the

presence of the cloud. We find that the strong cloud-top
radiative cooling introduced by low-level clouds promotes
entrainment, deepens the boundary layer, and leads to
enhanced turbulence intensity.
Analysis of wind-farm wakes using an energy-balance

approach shows that far-wake recovery occurs much faster
in the STBL than in other cases. In the near wake, recovery
is initially faster in the shallower boundary layers due to
low-level supergeostrophic jets, but this effect reduces
downstream as the jet weakens. In the far wake, the deeper
STBL facilitates a more effective replenishment of kinetic
energy due to stronger atmospheric convection and a
higher boundary-layer height. The energy-budget analysis
connects this improved recovery to increased momentum
flux and stronger turbulence, which enhance downward
turbulent energy transport. Instead, the shallower inversion
layers in the radiative cooling-free and clear-sky cases
limit energy exchange between the free troposphere and
the boundary layer, slowing wake recovery.
Overall, these results indicate that cloud-radiative

effects can substantially influence wind farm-atmosphere
interactions due to their impact on boundary-layer stabil-
ity. This highlights an important process often overlooked
in wind-farm wake models and power-loss calculations.
Explicitly accounting for cloud-boundary layer coupling is
therefore essential for improving wind-energy forecasts,
especially in regions with frequent low-level cloud cover.
A limitation of the current work is the lack of observational
data supporting the effect on the wind-farm dynamics due
to the presence of clouds and is motivated by the intrinsic
difficulty in acquiring these data [24]. Therefore, future

FIG. 10. Vertical energy flux for the three cases, averaged across the wind-farm span and normalized by the inflow velocity
magnitude at hub height for each case.
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studies should expand on measurable effects of these
interactions and should also include dynamically evolving
and nonstationary conditions, such as transient clouds
and mesoscale variability. Moreover, incorporating STBL
dynamics into operational and reduced-order wind-farm
models will be a key step toward more accurate power
predictions and a deeper understanding of how wind farms
impact the atmosphere. Beyond wind energy, these
insights are also relevant to better understand the impact
of wind farms on local atmospheric conditions.
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APPENDIX: STATISTICALLY STEADY-STATE
CONDITIONS

To assess the statistical stationarity of the inflow
conditions, we consider three key boundary-layer proper-
ties: the inversion-layer height zi, the liquid water path
LWP, and the surface friction velocity u�. These quantities
are integral measures of the boundary layer and are
sensitive to boundary-layer forcings such as shortwave
and longwave radiation, subsidence, and surface fluxes.
When these quantities remain constant in time, the flow
can be considered statistically stationary (see also van der

Dussen et al. [43]). Figure 11 shows the time evolution of
these boundary-layer properties. Panels (a) and (b) indicate
that, in case A, boundary-layer growth is accompanied
by an increase in LWP, whereas the opposite trend is
observed in case B. This behavior results from enhanced
entrainment of moisture and momentum from the free
troposphere into the boundary layer due to cloud-top
radiative cooling [14], which is absent in cases B and C.
Case C shows a similar evolution to case B, reaching a
lower inversion-layer height. Panel (c) shows the time
evolution of the friction velocity. Its magnitude is similar
in all cases and reaches a steady state after approximately
60 h, comparable to the equilibration time of zi and LWP.
This similarity arises from the use of identical surface
boundary conditions and roughness height. Finally, after
t ¼ 100 h, all cases have reached statistically stationary
conditions, and the results presented in this study are based
on this time period [48].
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