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Marine stratocumulus clouds are frequently present over areas with rather low sea surface

temperatures and in the presence of a warm thermal inversion layer. The phase changes of

water, as well as the infrared cooling of air near the top of the cloud layer, are processes

that cause positive buoyancy fluxes which tend to promote turbulence. The effect of low

stratocumulus clouds on wind farm power is examined from a large-eddy simulation of

the EUROpean Cloud Systems (EUROCS) model intercomparison case, which is based on

observations of turbulence collected in marine stratocumulus during the First International

Satellite Cloud Climatology Project Regional Experiment. A sensitivity experiment was

performed in which the stratocumulus was excluded by setting the humidity to zero, while

the same surface buoyancy flux was maintained. A comparison between the two simulation

results shows that the turbulence that is produced in the stratocumulus cloud layer leads

to a reduced wake effect and a subsequent enhancement of wind farm power most notably

during nighttime. The control of stratocumulus on the wake is however hardly noticeable

during daytime. This is due to the absorption of solar radiation that heats the cloud layer

and which in turn tends to diminish turbulence. It is discussed that stratocumulus clouds

are most likely to affect the wake structure during nighttime conditions if the boundary-

layer depth is less than 500-700 m.
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1 INTRODUCTION

Offshore production of wind energy is rapidly growing. Areas with a great potential for wind energy, such as the North Sea 1, are frequently affected
by the presence of low stratocumulus clouds 2. Stratocumulus is a very common cloud type, covering approximately 23% of the ocean surface in
the annual mean 3. However, the effect of low clouds on wind power has received hardly any attention in the literature. This is perhaps due to
the perception that in general the presence of clouds does not matter for wind power. For example, Van Kuik and Peinke 4 state that "traditionally,
mesoscale models are evaluated on their ability to predict temperature, cloud cover, precipitation and other parameters of little relevance for wind power
generation". However, clouds have the ability to produce turbulence due to the temperature fluctuations that are caused by the condensation and
evaporation of water, in addition to radiation effects 2,5. In turn, boundary-layer turbulence is known to affect the wake structure behind wind
turbines 6,7. One may therefore ask whether clouds, or more particular those ones with their base heights in the lower few hundreds of meters,
might affect the wind power?
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Let us consider marine stratocumulus clouds which develop in the atmospheric boundary layer, often over relatively low sea surface tempera-
tures. Figure 1 shows a schematic representation of the main features of stratocumulus clouds. The presence of a thermal inversion layer, which is
defined as a sudden strong increase in the temperature across a vertical layer of just a few tens of meters, will trap the water vapor that is evapo-
rated from the sea surface. The moistening of the boundary layer can lead to the saturation of air with water vapor and the subsequent formation
of stratocumulus clouds at the top of the boundary layer. This is commonly observed in the subtropical branches of the Hadley cell, such as off the
coasts of California and Peru, but also at more midlatitudinal regions like the North Sea in western Europe 2.

Stratocumulus clouds emit infrared radiation as a black body. If the sky above is clear, stratocumulus clouds will emit more infrared radiation than
they absorb from the overlying atmosphere. The resulting loss of energy causes a strong cooling of the air near the top of the cloud layer. Because
cooling keeps the saturation water vapor content low, this aids to the persistence of the cloud layer. It also results in the formation of organized
cold downdrafts that keep the boundary layer vertically well mixed 8. During daytime such a production of turbulent eddies will be reduced by
solar heating of the cloud layer. The presence of turbulence in the stratocumulus-topped boundary layer raises the central question addressed in
the present work: does cloud-driven turbulence affect wind power?

This study assesses wind farm power with and without the presence of stratocumulus clouds using a large-eddy simulation (LES) model that
includes a wind turbine parameterization. This modelling approach was used because LES models have been demonstrated to capture the complex
turbulence dynamics in stratocumulus rather well 9,10. To capture a full diurnal cycle, including the effects of the solar heating of the cloud during
daytime, the EUROpean Cloud Systems (EUROCS) stratocumulus model intercomparison case was selected for the simulations. This case is based
on observations collected during two consecutive days as part of the First ISCCP (International Satellite Cloud Climatology Project) Regional
Experiment (FIRE I) 9. Another benefit of the modelling framework is that the effect of clouds on wind can be straightforwardly compared with
clear sky conditions simply by changing the initial water vapor specific humidity well below its saturation value. This step effectively changes a
stratocumulus topped boundary layer (STBL) to a clear convective boundary layer (CBL) weakly forced by a small surface buoyancy flux.

FIGURE 1 Schematic representation of themean vertical profiles of the temperature, total and liquid water, the buoyancy flux in the stratocumulus-
topped boundary layer.

The set-up of the paper is as follows. The LES model and the set up of the cases are briefly summarized in Section 2. Section 3 reports the
simulation results, with an emphasis on the wind speed, turbulence intensity and momentum fluxes, and the wake structure and power generation
of a wind farm with and without the presence of stratocumulus. Finally it will be discussed under which conditions low clouds can be expected to
have a notable effect on wind.
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2 MODEL DESCRIPTION AND EXPERIMENTAL SETUP

2.1 Governing equations of the LES model

The LES model used in this study originates from the model described by Heus et al 11 and Schalkwijk et al 12 and is currently employed for both
commercial and academic weather forecasting and simulation 13 by Whiffle Ltd. The general equations are summarized below.

Within the anelastic approximation, the continuity equation and the equation for momentum conservation are given by
∂

∂xj
ρui = 0 (1)
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where ui (i = 1, 2, 3) are the resolved wind velocity components in the x, y and z-direction, respectively, ρ = ρ(z) is the base state density which
is a function of z only, τij is the sub-grid stress tensor, p′ are the pressure fluctuations with respect to the mean, B = −g (ρ′/ρ) is the buoyancy
with g the gravitational constant, f is the Coriolis parameter and ugeo is the geostrophic wind. The last term refers to a source term that may
represent the forces due to wind turbines. Primes indicate deviations from the horizontal mean values.

The conservation equation for a scalar φ is given by
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where φ ∈ {Thl, qt} and
Thl = T +

1

cp
(gz − Lvql − Lsqi) (4)

qt = qv + ql + qi. (5)

Here, Fφ is the sub-grid scalar flux, Thl the temperature based on the liquid/ice water static energy, T is the temperature, cp is the specific heat of
air at constant pressure, Lv the heat of evaporation, Ls the heat of sublimation and qt is the total (non-precipitating) specific humidity comprised
of, respectively, the water vapor, cloud liquid water and cloud ice water specific humidity (qv , ql and qi).

The source term for Thl and qt contains a tendency due to large-scale advection. Further, Thl has an additional source term accounting for
radiative heating/cooling.

For this study, the sub-grid stress tensor and sub-grid scalar fluxes are modelled using the Smagorinsky subgrid model 14.

2.2 Wind turbine parameterization

In this study NREL 5 MW reference turbines are used, described in great detail by Jonkman et al 15. The hub height was set to 90 m in all cases.
The wind turbines were modelled using an actuator disk parameterization, following the implementation of Meyers and Meneveau 16. In this
parameterization the total drag force on the flow is given by

Ftur = −
1

2
ρAC′tMD

2 (6)

with ρ the air density and A = πR2 the frontal area of the rotor and R the rotor radius. The disk-based thrust coefficient, C′t, is obtained from
the turbine design thrust curve by correcting for the resolved induction in the LES model. The rotor disk average wind speedMD is computed for
each wind turbine and filtered by a one-sided exponential time filter. The wind turbine force is distributed uniformly over the rotor disk and filtered
with a Gaussian convolution kernel to ensure proper numerical behaviour 16,17.

The wind turbine power is given by
P =

1

2
ρAC′pMD

3
, (7)

with C′p the power coefficient, again corrected for resolved induction.

2.3 Numerical setup

For the study of the structure of a singlewake, a horizontal domain of 9.6 km×4.8 km at 50 m resolutionwas selected. For simulation of awind farm,
the domain was enlarged to 12.8 km× 12.8 km. In both cases the vertical grid of the EUROCS is used (1.2 km domain height at 10 m resolution).

Periodic boundary conditions are employed in the horizontal directions. At the edges of the domain the prognostic variables (u, v, w, Thl, qt)
are relaxed at each time step towards the undisturbed values of an identical concurrent precursor simulation without wind turbines 18, to avoid
recirculation of the wind turbine wakes.
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FIGURE 2 Schematic representation of the wind farm layout used in this study. Axes are in units of rotor diametersD.

The selected wind farm layout is a version of the Prinses Amalia wind farm in the Dutch North Sea scaled up by a factor 126/80 = 1.575, making
it a realistic layout representative for a wind farm with wind turbines of 126 m diameter instead of the original 80 m diameter. See figure 2 for a
schematic representation of the wind farm used in the simulations.

2.4 Case description

The simulations in this work are based on the EUROpean Clouds Systems (EUROCS) stratocumulus model intercomparison case for LES and
single-column model versions of operational weather forecast and climate models 9.

2.4.1 The EUROCS stratocumulus case

The EUROCS stratocumulus case is widely used to study the dynamics of stratocumulus from high-resolution models and to improve parameteri-
zations used in large-scale weather forecast and climate models 19,20. This case is based on observations within and above the boundary layer off
the coast of southern California on 14 and 15 July 1987 21. The model simulations start at 14 July 08:00 UTC (00:00 local time) and last for 37
hours. The coordinates are 33◦25’N and 119◦30’W, with the Coriolis parameter f = 8.0× 10−5 s−1. For the present study the EUROCS case was
selected because the turbulence in the boundary layer exhibits a distinct diurnal cycle due to the absorption of solar radiation by the cloud layer
during daytime.

The EUROCS case is formulated in terms of the liquid water potential temperature θl, which can be readily converted to the temperature
derived from the liquid/ice static energy, Thl, used in the current LES model. The values of θl and qt in the boundary layer are constant as an initial
condition, and give a cloud layer with its base and top at about 250 and 595 m, respectively, capped by a thermal inversion layer with jumps of the
temperature and total specific humidity of 10 K and -3 g kg−1, respectively.

The magnitude of the geostrophic wind, Ugeo =
√
u2geo + v2geo is set to 6 m s−1. The angle of the geostrophic wind is chosen such that the

hub-height wind speed is aligned with the positive x-direction.
The large-scale horizontal divergence of the horizontal wind (Uls, Vls) was prescribed at a constant value of D = 1× 10−5 s−1. Here we

introduced the subscript ’ls’ to indicate a large-scale field variable associated with the large-scale weather system in which the LES model domain
is embedded. Conservation of mass dictates that a positive value for D will drive a weak downward vertical velocity, which is usually referred to
as large-scale subsidence (Wls). For constantD the subsidence will vary linearly with height according to

D ≡
(
∂Uls

∂x
+
∂Vls

∂y

)
= −

∂Wls

∂z
. (8)

AlthoughWls is small, usually of the order of 0.1 cm s−1 to 1 cm s−1, it has a non-trivial effect on the evolution of the boundary-layer depth in the
sense that it acts to diminish the boundary-layer depth (h) thereby opposing its growth due to turbulent entrainment of air from just above the
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inversion layer:
∂h

∂t
= we +Wls|h, (9)

with we the entrainment velocity 22. The prescribed large-scale divergence rate approximately balances the diurnally averaged entrainment rate as
simulated by the LES models that participated in the EUROCS model intercomparison case 9.

The surface fluxes of heat and moisture are computed from a prescribed constant sea surface temperature (SST) of 289 K, which is about 1.5 K

higher than the air temperature at the lowest model level. Furthermore, the Monin-Obukhov similarity relations used to compute the turbulent
surface fluxes assume that the air just above the sea surface is saturated with water vapor. The surface roughness length is set to 2× 10−4 m. LES
models that used this prescribed setup gave typical mean sensible and latent heat fluxes of 7 and 24 W m−2, respectively, during the last 24 hours
of the simulation period. The heating and drying tendency of the free troposphere due to the large-scale subsidence is computed explicitly, whereas
the tendencies of heat and moisture due to horizontal advection by the mean wind are prescribed. According to the case setup, the simulations
applied the simplified yet accurate parameterizations for the infrared (long wave) and solar (short wave) radiation fluxes in the cloud layer 23,24. The
jump of the net infrared radiation flux near cloud top was set to ∆FIR =70 W m−2.

2.4.2 Sensitivity experiment without stratocumulus: a clear convective boundary layer (CBL)

One of the main aims of the present study is to explore the role of turbulence in low stratocumulus clouds on wind farm power. To assess how the
wake evolution would evolve without the presence of stratocumulus a sensitivity experiment with clear skies was performed. This was achieved
simply by setting the initial total specific humidity to zero. Additionally, to ensure an identical surface forcing, the surface heat and moisture fluxes
of the EUROCS case are prescribed at the surface. These steps result in a clear convective boundary layer, that is forced by a small positive
surface buoyancy flux and a large-scale horizontal pressure gradient, with both conditions identical to the stratocumulus case. However, in order
to maintain an approximate similar boundary layer depth as the stratocumulus case, the CBL case does neither apply large-scale subsidence nor
horizontal advection of heat and moisture. In this way the free tropospheric state is not affected by horizontal or vertical advective tendencies
thereby remaining in a steady state, similar to the stratocumulus case where subsidence warming of the free troposphere is compensated by a
cooling tendency due to horizontal advection.

3 LES RESULTS

Here we will present the LES results. In the remainder, the EUROCS case will be referred to as the stratocumulus-topped boundary layer (STBL).
In section 3.1 we will first discuss the differences in the boundary layer structure of the STBL and CBL cases that were obtained from the LES
without wind turbines. Next in section 3.2 we will analyse the impact of stratocumulus clouds on the wake structure and wind farm power. Day
time is used to refer to the hour between 11:00 and 12:00 local time (35 h to 36 h from the start of the simulation), and likewise nighttime is from
23:00 to 24:00 local time (23 h to 24 h from the start of the simulation).

3.1 Boundary layer evolution, wind speed and turbulence

Figure 3 shows the temporal evolution of the boundary layer height h and the entrainment velocity we for the STBL and CBL cases, as well as the
stratocumulus cloud base height zb and cloud top height zt.

The stratocumulus boundary layer height exhibits only a weak diurnal variation and remains rather close to its initial height of about 600 m.
In accord with the aim of the particular setup of the CBL case its height remains rather close the STBL height during the simulation period. The
stratocumulus cloud base height displays a rising during daytime as a result of the warming and subsequent evaporation of the cloud liquid water,
while the cloud tends to get thicker (decreasing cloud base height) during the night.

The entrainment rate in the clear convective boundary layer is proportional to the surface buoyancy flux, and tends to become smaller for larger
values of the temperature jump across the inversion layer. As evident from the LES results, entrainment is higher in stratocumulus than in a CBL, a
finding that is common for those two boundary-layer regimes 25. The large entrainment rates in stratocumulus clouds are due to the production of
turbulence in the cloud layer, with as causes most notably latent heating associated with phase changes of water and the strong infrared radiative
forcing that takes place near cloud top. The infrared radiative forcing is often observed to be much larger than the surface sensible heat fluxes that
drive the turbulence in the marine boundary layer. For example, in the present study the sensible heat flux is of the order of 10 W m−2 whereas
the longwave radiative forcing at cloud top is 70 W m−2. The heating of the cloud layer by absorption of solar radiation however acts to decrease
cloud-top entrainment as shown in Fig. 3.

Figure 4 compares the temporal evolution of the wind speed U and resolved turbulence kinetic energy (TKE) for the CBL and STBL cases
averaged over the horizontal domain and vertical rotor extent (27 m to 153 m) and Figure 5 shows the hourly-mean vertical profiles during daytime
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FIGURE 3 Time evolution of the boundary layer height h and cloud base height zb (top figure), entrainment velocity (middle) and surface buoyancy
flux (bottom) for the STBL and CBL cases.

and nighttime. The wind speed in the lower part of the STBL is rather constant in time and is somewhat lower compared to the CBL case. An
inspection of the vertical profile of u′w′ during daytime shows a small change in its vertical gradient near cloud base indicating different magnitudes
of the fluid friction in the subcloud and cloud layers.

The distinct diurnal cycle in the TKE in the STBL, with rather large values during nighttime, can be understood from the in-cloud buoyancy
production of TKE. Figure 6 shows that during nighttime in both the LES results and observations the in-cloud buoyancy fluxes and the TKE are
much larger in the STBL than in the CBL cases. The large jump in the buoyancy flux near the top of the boundary layer is a distinct feature of
stratocumulus cloud decks. The strong infrared radiative loss near the top of the cloud layer causes a direct local cooling of the air. This results in the
formation of cold downdrafts, which, in turn, produces positive buoyancy fluxes in the cloud layer. In addition, the condensation (evaporation) of
water vapor in updrafts (downdrafts) promotes a positive buoyancy flux, too. Hence both phase changes of water and infrared cooling of the cloud
top are the key processes that can generate rather strong turbulence throughout the cloud-topped boundary layer, as is evident from the large
TKE values present during nighttime. However, during daytime the infrared cooling is partly counteracted by a heating of the cloud layer by the
absorption of solar radiation. This warming effect may stabilize the cloud layer with respect to its sub-cloud layer below. This kind of stratification is
called decoupling 26,27. In general, the heating of the cloud layer by solar radiation causes a reduction of turbulence during daytime conditions. Last
we note that the CBL and STBL both exhibit a negative value for the buoyancy flux at the top of the boundary layer, which is due to entrainment
and the subsequent downward mixing of relatively warm air from just above the inversion layer.

3.2 Wake structure behind a single turbine

A comparison for the wake evolution behind a single turbine is shown in Fig. 7. The wind velocity deficit (VD) as shown in this figure is defined as

VD =
Uprecursor − Ucursor

Uprecursor
, (10)
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FIGURE 4Development of horizontal wind speed (top) and the turbulence kinetic energy per unit mass (TKE) (bottom) for the STBL and CBL cases.
Values are averaged over the horizontal domain and the vertical extent of the rotor.

where the subscript ‘precursor’ indicateswind speed values from the concurrent precursor simulationwithoutwind turbine that is driving the cursor
with wind turbines. The enhanced turbulence that is present in the nighttime STBL strongly reduces the wake length. This impact of turbulence
on the wake structure is qualitatively similar to what has been found for other atmospheric boundary-layer regimes. For example, stronger wake
effects have been reported under conditions of low turbulence intensities such as observed in stably stratified boundary layers 28,7,29,30. However,
the weakening of turbulence in the STBL during the day, which results from the solar heating of the cloud layer, causes a wake structure similar to
what is found for the CBL case.

3.3 Wind farm power

For wind farms, the angle with which the wind approaches the wind farm plays a substantial role in howmuch wake effects play a role on the power
output of the farm. A maximum wake effect can be expected if the wind direction is perfectly aligned with the turbine rows downstream. The
wind direction, however, changes during the simulation. For the results below, the initial wind direction and the direction of the pressure forcing
for each case was chosen such that the average wind direction from 12 h to 36 h from the start of the simulation is from the west (φ = 270◦).
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FIGURE 5 Vertical profile of wind speed (left) and vertical momentum fluxes (middle and right) at night time (top) and day time (bottom) averaged
in time over the preceding hour.

Figure 9 shows the wind velocity deficit at hub height at day time and night time. The higher turbulence levels in the night time STBL are evident
from the overall shorter wake extent and the larger variation in wind turbine yaw angles due to local wind direction fluctuations.

The three main controls on wind farm power productions are wind speed, turbulence and wind direction in relation to wind farm layout. Figure
8 shows the wind direction of the STBL and CBL cases is similar during the simulation period. Also, the present wind farm layout was selected for
not having an obvious row-column structure to further limit the sensitivity to wind direction. This leaves the impact of wind speed and turbulence.

To consider wind speed and turbulence together, we examine the accumulated power output of the wind farm as function of time in the
different cases, see Figure 10. During the day the CBL case shows higher power production, whereas during the night the production in the STBL is
substantially higher. However, this might not be surprising as figure 4 shows a clearly higher wind speed in the CBL case during the day and lower
wind speed during the night when compared to the STBL. Also interesting to note are the stronger hour-to-hour variations in the STBL, showing
the impact of the stratocumulus cloud deck also on the larger scale dynamics of the atmosphere.

To eliminate the effect of wind speed, we define a wind farm efficiency

η =
P

1
2
ρAU3NT

, (11)
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FIGURE 6 Vertical profiles of the hourly-mean total buoyancy flux (left), resolved vertical velocity variance (middle) and resolved turbulence kinetic
energy (right) in the STBL and CBL during day time (top) and night time (bottom). The observations corresponding to the STBL case are taken from
Duynkerke et al 9.

with NT the number of wind turbines in the farm. The aim of this efficiency factor, is to identify the role of wake effects on the total wind farm
power.

The bottomplot in Figure 10 shows that the efficiency of thewind farm in the CBL case is nearly constantwith time. The higher power production
during the night can therefore be fully attributed to the higher wind speed. In contrast, the efficiency of the wind farm during stratocumulus
conditions shows a distinct diurnal cycle, being around 20 % higher during the night. The pattern in η shows a clear correspondence with the diurnal
cycle of TKE (Figure 4), confirming that the increase of wind farm efficiency can be attributed to a more efficient turbulent mixing dissolving the
wakes in the farm.
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FIGURE 7 The hourly average hub height velocity deficit in the STBL (top) and CBL (bottom) for day time (left) and night time (right).

FIGURE 8 The hub height wind direction φ for the STBL and CBL cases.

4 DISCUSSION

We have found that under similar wind conditions, in terms of its speed and direction, wind farm power will be enhanced if the wake effect is
reduced by the turbulence that is produced in the stratocumulus cloud deck. However, the simulation results also indicate that stratocumulus
control on the wake depends on the time of the day, with a notable effect found only during the night. This leads to the question under which
conditions stratocumulus clouds are expected to modify wind farm power. This will now be discussed on the basis of observational findings, studies
based on LES results as well as theory.

4.1 Conditions that favour a rapid wake recovery

Turbulence in stratocumulus is produced by infrared cooling of the air near cloud top as well as phase changes of water. Radiatively cooled air
will drive negatively buoyant turbulent downdrafts, which cause positive in-cloud buoyancy fluxes that, in turn, produce vertical velocity variance.
Likewise, if surface-driven convective plumes become saturatedwithwater vapor, the latent heat release due to condensation ofwaterwill promote
positive buoyancy fluxes in the cloud layer. If the updrafts can rise from the ground surface to the top of cloud, and vice versa for downdrafts, they
will stir the boundary layer to a vertically well mixed state, a situation that is usually found if the stratocumulus-topped boundary layer height is
below 500-700 m 31. In this case the vertical velocity variance profile will have a single maximum value near the middle of the boundary layer. In
turn, the presence of strong vertical velocity fluctuations will promote the exchange of horizontal momentum across the wake interface.

By contrast, if the cloud layer is warmwith respect to the subcloud layer underneath, whichmay result from its absorption of solar radiation, even
the latent heat release may not be sufficient to let the surface-driven rising plumes become positively buoyant with respect to their environment,
as is found in the present LES results. As opposed to a vertically well-mixed state, this situation is called decoupling 2. This may develop also as a
result of a strong cloud-top entrainment of warm and dry air from just above the inversion layer 26. In this case it will be more difficult for cloudy
downdrafts to maintain a negative buoyancy that drives their downwards acceleration. Decoupling is frequently observed during daytime when
the cloud layer is heated by the sun. In addition, stratocumulus-topped boundary layers that have reached heights above 500-700 m, for example
as a result of a strong entrainment velocity at cloud top, often appear to be decoupled 31. Given the fact that stratocumulus cloud layers are usually
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FIGURE 9 The hub height velocity deficit for the STBL (top) and CBL (bottom) cases for night time (left) and day time (right).

observed to be only a few hundreds of meters thick, the stratocumulus cloud base height in deep decoupled boundary layers will be located at
heights well above the wind turbines.

5 CONCLUSIONS

This study discusses the impact of low clouds on wind farm power by means of a large-eddy simulation (LES) of the diurnal cycle of an observed
stratocumulus cloud layer. To identify the contribution of cloud-driven turbulence on the evolution of the wake another sensitivity experiment was
performed without moisture. This change resulted in a clear convective boundary layer that was only weakly forced by a small positive buoyancy
flux at the sea surface.

An enhancement of turbulence produced in the cloud layer causes a reduction of the wake effect, most notably during the night. During daytime
the absorption of solar radiation and the subsequent heating of the cloud layer stabilizes the boundary-layer resulting in weaker turbulence, leaving
hardly any impact on wind farm power as compared to the cloud-free case. A noticeable effect of low clouds on wind farm power can be expected
if the cloud base is near the turbine as this will likely facilitate cloud-induced turbulence to reach the wake area. Observations and theory suggest
that enhanced turbulence in the lower few hundreds of meters of the atmosphere can be expected if the cloud-top height is below 500 up to
about 700 m.

The conclusions drawn in the present work are based on a single case study. However, the physical processes like phase changes of water and
infrared cooling of air near the cloud top are always at play in stratocumulus decks and are well known to enhance turbulence. Because low marine
clouds are frequently present over areas with wind farms, such as the North Sea, a more detailed assessment of their impacts on wind farm power,
but also on the turbulence structure, including wind gusts, is recommended. Future work could therefore focus on a systematic study of cloud-
induced turbulence in the widest possible range of real-weather conditions to assess the quantative impact of low clouds on the energy yield of
offshore wind farms in areas sensitive to the formation of low clouds.
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FIGURE 10 Development of total power generated by the wind farm (top) and wind farm efficiency (bottom).
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