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Abstract. In this work, we apply a downscaling strategy to analyze extreme weather events
that may impact wind farm operation. The coupling applies mesoscale momentum budget
components (tendencies) from the WRF model as forcing terms to the governing microscale
equations. Our study focuses on flow over complex terrain during specific days to reproduce
extreme weather events that produced wind turbine damage. The interaction of the meso- and
micro-scale features are relevant in the simulation of extreme conditions. The simulation results
are compared with observations from nacelle anemometers of the wind turbines in two di↵erent
wind farms by analyzing time series and wind profiles.

The microscale code Alya, developed at the Barcelona Supercomputing Center (BSC), is
closed with URANS and LES closures to solve the momentum and energy equations. Both
closures use the same mesoscalar to microscalar coupling methodology and are used in this
work to simulate the wind flow. We present the implementation of the mesoscalar coupling to
the microscale solver when using URANS and LES closures.

We show that the coupling via tendencies has excellent potential for understanding transient
events under extreme weather conditions in very complex terrain. The wind industry can use
such simulations to enhance forensic analysis in cases of wind turbine accidents or any other
event that may impact turbine operation, such as high turbulence phenomena. We test the
ability of the meso- to microscale coupling model to reproduce extreme events with regard to
quantities of interest in wind energy.

Simulation results using URANS and LES closures agree reasonably well with observations.
In some scenarios, the LES provides results that are closer to measurements. LES models have
the advantage of providing wind gusts. We compare the accuracy and performance (CPU-time)
of the URANS vs. LES approaches.

1. Introduction
The increasing size of wind turbines, with rotor diameter already spanning more than 150m,
requires proper modeling of the atmospheric boundary layer (ABL) from the surface to the
free atmosphere. Local processes in the ABL are a↵ected by meso- and large-scale circulations.
An e�cient way to obtain a high fidelity local-flow structure while incorporating large-scale
variability is to couple a microscale and a numerical weather prediction code [1].

In this work, we apply a downscaling strategy to simulate extreme weather events that
occurred in the past and had an impact on wind farm operation, a↵ecting a known wind
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turbine. The methodology involves solving the mesoscalar flow during the dates of interest,
using the Wind Resource and forecasting model (WRF) in Reanalysis mode. The horizontal
mesh resolution used in WRF goes from 27km to 3kms using a nesting down strategy. The wind
solved with the latest resolution is coupled to the microscalar simulation through mesoscale
momentum budget components (tendencies) from the WRF model as forcing terms to the
governing microscale equations [1, 2, 3].

Our study focuses on flow over complex terrain, where the current downscaling strategy will
be tested. The interaction of the meso- and micro-scale features are relevant in the simulation of
extreme conditions. The simulation results are compared with observations from meteorological
towers or wind turbine nacelles in two wind farms by analyzing time series and wind profiles.

The microscale code Alya [4], developed at the Barcelona Supercomputing Center (BSC),
uses Unsteady Reynolds Averaged Navier Stokes (URANS) and Large Eddy Simulation (LES)
closures, both with the same kind of coupling to mesoscale flow. Recently, the Alaiz benchmark
[5] presented results of di↵erent mesoscale to microscale coupling methodologies in complex
terrain. Alya model coupled to WRF obtained a mean normalized BIAS vs. observations of
3.76% and 4.23% using respectively LES and RANS closures. In this work, we present the
implementation of the mesoscalar coupling to the microscale solver using URANS and LES
closures. We compare the accuracy of the obtained results and the spent CPU time using both
closures.

2. Methodology of the modelling strategy
2.1. Mesoscalar modelling
The mesoscalar simulations have been produced using WRF model version V4.1.2 [6], adopting
the WRF settings used in the production run of the New European Wind Atlas [7, 8]. Three one-
way squared nested domains of (27, 9, 3) km resolution are configured. The first two domains
covered the Iberian Peninsula and were run for two days before the downscaling started. The
time step was 60 seconds, storing outputs every five minutes. ERA5 reanalysis data were used
as both initial and boundary conditions.

2.2. Microscalar modelling
The highly parallelized finite element code Alya [4], developed at Barcelona Supercomputing
Center (BSC), is used to solve the microscalar simulations. Alya-URANS and Alya-LES are
implementations of URANS and LES turbulence closures in Alya. The URANS model uses the
k-" closure with relevant revisions for ABL flow problems [9] (for implementation details, see
[10]). The LES model uses Smagorinsky, Vremann [11] or Deardor↵ [12] closures. Both closures
share implementation using the same linear finite element functions and coupling to mesoscalar
flow. Therefore, the obtained di↵erences are due to the turbulence model and mesh size. Alya
uses equal spatial interpolation for velocity, pressure, and temperature unknowns. The buoyancy
term is modeled using the Boussinesq approximation.

2.2.1. RANS modeling For the URANS model, the momentum, energy, and turbulence
equations are solved using a Backward Euler temporal scheme. All the equations are discretized
using the Algebraical Subgrid Scale method (ASGS) [13], which gives stability to convection
and Coriolis dominating terms in the momentum equation and to convection and reactive terms
in the turbulence and energy equations, removing spurious oscillations. The ASGS stabilization
method provides pressure stability, allowing equal interpolation spaces for pressure and velocity.
The velocity-pressure problem is decoupled using an Orthomin solver [14] that converges to the
monolithic scheme.

Once the algebraical system of equations is obtained, a Deflated Conjugate Gradient [15]
solver with a linelet pre-conditioner [16] is used to solve the pressure. A Generalized Minimizing
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Residual (GMRES) solver is used for the velocity, temperature, and turbulence unknowns.

2.2.2. LES modeling The numerical scheme of the LES model advances in time using an explicit
Fractional step method and a third-order Runge Kutta scheme. The spatial discretization of
the momentum equation uses a Galerkin scheme, without any stabilization, to minimize the
introduced numerical dissipation [17]. The use of a fractional step method [18] introduces a
small amount of dissipation enough to avoid stability issues due to the use of equal interpolation
spaces for pressure and velocity. The discretization of the convective term in the momentum
equation conserves kinetic energy, linear and angular momentum at the discrete level, as it was
proposed in [19], providing enhanced results for LES [17]. The energy and the TKE equations are
solved explicitly in time using the ASGS method. The convective term in the energy equation
is discretized with a skew-symmetric scheme. A Deflated Conjugate Gradient [15] solver with a
linelet pre-conditioner [16] is used to solve the pressure.

2.3. Downscaling strategy
Both URANS and LES simulations use the same WRF simulation as mesoscalar input data. The
coupling methodology adds horizontally-averaged mesoscale pressure gradient and advection
budget terms from WRF to the microscalar momentum equation as volumetric forcing terms.
The horizontal averaging is performed at constant height over terrain, obtaining the 1D
tendencies approach [1, 2, 3]. While the pressure gradient forces the wind velocity, the advection
terms of the mesoscale model account for large-scale variations. We found that the sum of these
two mesoscalar budget terms is smoother than just the pressure gradient contribution alone
because the advection and pressure gradient terms compensate each other in most situations
[3]. Hence, we believe that using the sum of both terms is more appropriate for the coupling.

The microscale energy equation is driven by the mesoscalar surface temperature, which is
inferred using Monin- Obukhov similarity theory from the 2 m temperature extracted fromWRF.
This methodology assumes a uniform potential temperature at ground level, a first approach
that could be a source of inaccuracies. We plan to enhance this approach in future work through
spatial interpolation of the temperature from WRF at ground level.

WRF writes the budget terms and the 2m potential temperature outputs every 5 min. We
found it essential to have a high temporal resolution of WRF outputs in events such as rapid
turning of the wind directions. The tendencies are 15 min averaged in time to remove spurious
noise.

In all simulations, periodic boundary conditions are imposed laterally, Monin-Obukhov at
ground level, and symmetry at the top of the domain.

The microscalar energy equation is coupled to the mesoscalar potential temperature through
a nudging term. The nudging coe�cient is minimal, being ⌧nudg = 1Day [3]. The microscalar
temperature inside the ABL is not significantly a↵ected by the nudging term but slowly follows
the mesoscalar temperature above the boundary layer height. In the case of extreme events, the
mesoscalar temperature may have important variations in time above the ABL, which we found
important to follow in the microscale model.

A Rayleigh damping term is applied to the momentum equation of the LES simulation to
prevent the reflection of gravity waves o↵ the upper boundary, which could pollute the simulation
results. It spans the upper 800m of the computational domain. For URANS simulations,
Rayleigh damping was not needed. The e↵ect of including Rayleigh damping in LES runs was
subtle. However, we preferred to keep it to prevent any possible pollution of the solution.

The final WRF simulation, which is coupled to microscalar simulation, uses a mesh resolution
of 3kms. This resolution is too coarse to capture the orography of the terrain. Thus, only the
microscale model accounts for the terrain topography, avoiding double counting e↵ects.
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The microscale domains are periodic and have the same extension for URANS and LES
simulations.

3. Simulation of wind during extreme weather
We have selected two extreme weather phenomena that impacted wind turbine operation as
a test of the developed model chain using WRF and Alya. The coupling technique helps to
understand better these events, which are not exclusive to these locations.

3.1. Extreme event on the 1st wind farm

Figure 1. Elevation map of the wind farm, which is circled in black, located at 10 km from the
sea coast.

The wind farm described in this section is managed by Iberdrola, located in mountainous
terrain just ten kilometers from the sea coast in northern Spain. Fig. 1 shows an elevation
map of the computational domain, together with its location on Google Earth. A black circle
marks the wind farm region at around 550m above sea level (asl). The wind comes from the
West direction, and the computational domain covers the region upwind of the wind farm. The
terrain elevation at the periodic boundaries is at sea level to account for the cli↵s, which are at
the NorthWest of the wind farm.

The computational domain has a horizontal extension of 24km⇥20km for both LES and
URANS simulations. The tangential mesh resolution is 40m at the wind farm, increasing to
300m at the periodic boundaries. The minimum vertical element height is 1.5m for the URANS
model and 10m for the LES one. The computational domain is higher than 7kms to allow large
wind circulations above the very complex orography. The computational meshes are composed
respectively of 5.5 and 8.0 million elements for the LES and URANS simulations.

The wind farm has 22 wind turbines (WTs) with rotor diameter of 47m, and a hub height
of 45m; and another two WTs with rotor diameter of 97m, and a hub height of 90. This wind
farm has been in operation since 2002. The extreme winds conditions occurred in 2009 between
January 22nd and 25th, stirred up by a powerful squall in Great Britain.

The analysis performed here pretends to enhance the understanding around the atmospheric
conditions that occurred during the selected days. The analysis focuses particularly on the most
a↵ected WT number 25, that remained in stop mode since 5 PM on January 23rd(D1). The wind
turbine could not orient its rotor properly when exposed to very high wind speeds. The blades
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Figure 2. Wind speed (top) and wind direction (bottom left) at the target wind turbine 25 since
23/01/2009 at 00hs (local time). The data points represent the maximum and minimum wind
speed measured and LES-modelled every 10 minutes intervals. The filled lines represent 10 min
average wind speed values simulated using URANS, Smagorinsky (LES) and Deardor↵ (LES)
models. Bottom Left) 10 min averaged wind direction simulated with URANS, Smagorinsky
(LES) and Deardor↵ (LES) models.

were blocked at a fixed pitch. Therefore, they may have entered into resonance. Communication
with all the wind turbines was lost at around 8 PM, suggesting that the damage might have
happened shortly before. It is unclear why other turbines were not a↵ected by the extreme
weather as much as WT 25.

The mesoscalar simulations started on January 22nd at 0hs, and the coupling with the
microscalar model started at 0hs on January 23rd. The initial velocity and temperature
conditions in the microscalar simulation are interpolated from WRF. The data measurements
provided by Iberdrola at the present wind farm are the maximum and minimum wind speed
values measured by the nacelle anemometers in intervals of 10 mins and a sampling rate of 15
s. Unfortunately, the 10 min averaged wind speed, and direction measurements are unavailable.
Fig. 2 shows the simulated 10-minute averaged wind speed and wind direction at the target
wind turbine 25, together with the maximum and minimum measured wind speeds. There was a
communication failure since 8PM (20hs in the figure), so observations are available only for the
first 20 hours of simulation. The wind velocity results start being plotted at midnight of January
23rd. The LES results show higher wind speed and direction variations than the URANS model.
The Smagorinsky model obtains higher averaged wind speed values than the other models.
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The mean wind speed values obtained using the Deardor↵ LES model are the ones that
are most times in the range between the minimum and maximum values of the anemometer
measurements. The wind speed obtained with Smagorinsky is typically higher than that
obtained using Deardor↵, going beyond the maximum measured values. It is observed that,
at specific instants, the simulated mean wind speed goes beyond the maximum measured values
for all the models. The maximum and minimum wind speeds modeled with LES in intervals of
10 min are also plotted in the figures. Deardor↵ and Smagorinsky models obtain similar values
for maximum wind speed (wind gusts), in fair agreement with observations, except from 14hs
to 17hs. However, the Smagorinsky model obtains larger values for the minimum wind speed,
reflecting lower TKE values in Fig. 5. The prediction of wind gusts is an advantage of LES
modeling over URANS, an output that is relevant for the simulation of this kind of extreme
weather events. The obtained wind gusts are not larger than 42 m/s, a value that should not
generate damage to the wind turbine. However, such event may be caused by a chain of events
of di↵erent nature that coincide in time.

The wind turbine event occurs between 17hs and 20hs, marked with two vertical black lines
in Fig. 2. During these three hours, wind gusts of more than 35 m/s were measured at the wind
turbine nacelle, in agreement with the maximum wind speeds predicted using Deardor↵ and
Smagorinsky models. The averaged wind speed obtained with URANS and Deardor↵ models
has a maximum of 25 m/s. In comparison, the Smagorinsky model obtains averaged velocities
up to 30 m/s. Fig. 3 shows modeled and observed wind speed values at WT 26 (adjacent to
WT 25) and WT 14. The wind speed values at WT 26 and WT 14 are lower than those at the
target WT 25. It is worth noting that the highest simulated wind speed values are obtained
between 20hs and 24hs in all WTs (only showed at WT14, 25, and 26).

Fig 4 shows wind velocity and turbulence intensity contour plots at 80m height for the entire
wind farm (at 18hs and 20hs of January 23rd), obtained using URANS model. The wind turbines
are represented with blue dots, except WT 25 in red. The turbulence intensity (TI) is calculated

normalized to a reference wind speed of 15 m/s, being TI =
p

2/3TKE
15m/s where TKE refers to the

turbulent kinetic energy. The simulated wind speed is not higher at WT 25 than at other WT
positions. However, the maximum turbulence intensity, with values larger than 30%, is obtained
at WT 25 and upwind.

Fig 5 shows the temporal evolution of the TKE values at di↵erent wind turbines. For both
LES models, WT 25 is among the turbines with the highest TKE. With the URANS model,
the TKE at WT 25 is significantly higher than at any other wind turbine, as observed in Fig4.
WT25 is located over a mountain, another mountain exists upstream of WT25, and a valley is
found between them. The flow recirculates in the valley generating a wake that reaches WT25,
increasing the TKE at its rotor. The k-e method uses a maximum mixing length limitation model
that was proposed for the simulation of ABL flows over flat terrain [20], obtaining very accurate
solutions. This model is known to produce an artificial lack of di↵usion in the wakes generated
by the mountainous terrain. Hence, wakes simulated with the present RANS model are generally
too long and directional. Unfortunatelly, to the authors knowledge, there is no better way to
model ABL flows over complex terrain when using k-" or k-! models. The mountainous wakes
modeled with LES are more realistic, being broader and more di↵use. Thus, the wake with
high TKE reaches a larger number of wind turbines when using LES. While the mixing length
limitation is not entirely correct for complex terrain, it highlights that WT 25 has the highest
TKE.

We believe that the high TKE values at WT 25 may be the cause that triggered the vibration
alarm and stopped the wind turbine. An event such as a turbine damage may be caused by a
chain of events of di↵erent nature that coincide in time.

It is important to note that Smagorinsky model obtains TKE values that are lower than
the obtained using Deardo↵ and URANS models. The URANS model is calibrated through
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parameter Cµ = 0.03 [21] to obtain accurate TKE values over flat and homogeneous terrain. The
authors believe that Deardor↵ model obtains more accurate TKE results than the Smagorinsky
model.

Figure 3. Wind speed at wind turbines 14 and 26 since 23/01/2009 at 00hs (local time).
The data points represent the maximum and minimum wind speed measured every 10 minutes
intervals, the 10 min averaged wind speed values simulated using URANS, using Smagorinsky
(LES) and Deardor↵ (LES) models.

The LES model used a time step size of 0.35s with a Courant number 3. The URANS model
used a time step size of 3.0s. The cpu-time spent by the LES model was around 60% larger than
the cpu-time spent by the URANS model.

3.2. Extreme event on the 2nd wind farm
The wind farm described in this section is managed by Iberdrola, located in very mountainous
terrain in the Spanish peninsula. This wind farm has been in operation since the year 2000. The
wind farm has 30 WTs with a rotor diameter of 47m and a hub height of 45m.. Fig. 6 shows an
elevation map of the computational domain, together with its location on Google Earth. The
wind farm extends along a ridge, with a maximum height of 1740m asl (WT 18) and a minimum
of 1489m asl (WT 1).

The extreme weather event occurred on 19th and 20th March 2018 (D1 and D2,
correspondingly). The strong winds at the center of Spain were produced by the Azores
anticyclone together with a powerful squall in the North of Scandinavia. Wind Turbine number
17 was strongly a↵ected by the extreme weather on day D2, when abrupt changes of wind
direction together with strong gusts occured. The nacelle was wrongly oriented, receiving a
tailwind that could cause the bad operating conditions.

The computational domain has the same extension for both URANS and LES simulations,
having a tangential mesh resolution of 20m in the zone of the wind turbines for the LES model
and 40m for the URANS model. The vertical element height of the elements closer to ground level
is 1.5m for the URANS model and 7m when solving with the LES model. The tangential mesh
resolution close to the periodic boundaries is 300m. The computational domain is higher than
7kms to allow large wind circulations above the very complex orography. The computational
meshes are composed of 7.8 and 6.3 million elements, respectively, for the LES and URANS
simulations.

The mesoscalar simulation started on March 18th at 00hs. The coupling with the microscalar
simulation started at 10 am on March 19th. The initial velocity and temperature conditions
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Figure 4. Wind velocity (top) and turbulence intensity (bottom) contour plots at 80m height
for all wind turbines (blue dots, except turbine 25 in red) simulated with Alya URANS at 6PM
(left) and 8PM (right). Arrows denote wind direction and color wind speed in the velocity plots
(top). The maximum values for wind speed are of 34 m/s

in the microscalar simulation are interpolated from WRF solutions. Iberdrola provides 10 min.
averaged wind speed values, measured by the nacelle anemometers of each wind turbine. Fig.
7 shows observed and simulated wind speed (10 min averages) at three WTs and simulated
wind direction (wind direction measurements are not available) only at the target WT 17.
Wind speed measurements increase dramatically during the second day, reaching wind speeds
of 50-60 m/s at 10 pm on D2, surpassing design limits. The simulated wind speeds follow the
increasing trend for all di↵erent runs. However, the URANS model cannot capture the wind
speed magnitude measured in either turbine position. The LES model obtains higher wind
speeds than the URANS model since 6 am on D2 (30hs in Fig. 7). Hence, the LES models show
better agreement against the observed mean wind speed than the URANS model.

Several simulations were run trying to obtain better agreement against observation results
at the target WT 17. We included modeling of the forested canopy, interpolating the WRF
tendencies at the location of WT17 instead of performing a spatial averaging. The LES were
refined to the actual 20m horizontal mesh resolution. However, all simulations obtained similar
results, obtaining wind speeds significantly lower than measurements at WT17. A possible
reason is that when a wind turbine is not working properly because of a failure, the mesurements
at the nacelle may have large errors.

The wind direction obtained from the simulation (Fig. 7) provides valuable information about
the event. There is a dramatic wind shift of 130 degrees at 15hs on D1 (from 220o to 350o).
The alarm of WT 17 at 16hs showed several emergency flags. After this dramatic wind shift it
is possible that WT 17 could not align its rotor with the wind direction.

Fig. 8 shows the wind velocity just before and after the wind shift at 15hs of D1. The shift



The Science of Making Torque from Wind (TORQUE 2022)

Journal of Physics: Conference Series 2265 (2022) 022021

IOP Publishing

doi:10.1088/1742-6596/2265/2/022021

9

Figure 5. TKE values at di↵erent WTs using URANS(top left), LES-Deardor↵(top right) and
LES-Smagorinsky(bottom)

Figure 6. Elevation map of the 2nd wind farm, located in the ridge inside the black circle

occurs at all wind turbine positions. The modeled wind speed has a magnitude of around 15
m/s close to WT17, but the measured wind speed is 20 m/s (Fig. 7) .

Fig. 9 shows contour plots of turbulence intensity, which does not supply additional evidence
of specific conditions for WT 17. However, a high TI leeward area extending in the vicinity of
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Figure 7. Ten min. averaged wind speed (simulated and measured) and simulated wind
direction (top right) at the target wind turbine 17. 10 min. averaged wind speed at other two
wind turbines (bottom) since 19/03/2018 at 10am (local time).

WT 17 is observed. It achieves TKE values higher than 50 m2/s2, likely implying intense gusts
in the surroundings.

The LES model used a time step size of 0.25s with a Courant number 3. The URANS model
used a time step size of 2.5s. The cpu-time spent by the LES models was around 100% larger
than the cpu-time spent by the URANS model.

4. Conclusions
While microscale simulations driven by mesoscale tendencies are still a relatively new approach,
we showed their potential for better understanding transient events under extreme weather
conditions. The wind industry can use such simulations to enhance forensic analysis in cases of
accidents, providing better insight to turbine inflow conditions.

This kind of simulation can also be helpful to understand better the flow over complex terrain
during wind farm planning. They allow identifying riskier areas within the wind farm in terms
of extreme wind speed, gusts, turbulence intensity, or recirculation; helping select wind turbine
positions to avoid potential damage under extreme weather conditions.

Simulation results using URANS and LES closures agree reasonably well with observations.
However, we observe that the dynamics of the LES simulation results agree a bit better with
measurements at the two wind farms analyzed in this work. We believe that the LES closures
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Figure 8. Simulated wind velocity using URANS model just before and after the wind shift on
D1: 2:30PM (left) and 3:40PM (right) on D1. Turbine locations are depicted with green dots
except for the target wind turbine 17, in red.

Figure 9. Wind Speed (left) and turbulence intensity (right) contour plots at 80m height.
simulated with URANS model at 10PM of D2. Turbines are depicted as green dots and turbine
17 in red color.

model the mountainous wakes better than URANS, because the latter use a maximum mixing
length limitation model. This correction needs to be introduced to k-✏ and k-! models for proper
modeling of Coriolis forces in ABL flows. An advantage of LES model is that is able to model
wind gusts with reasonable accuracy.

The LES model spent a cpu-time around 70% to 100% larger than the URANS models. Thus,
LES models are not too expensive when compared to URANS models, being a valuable choice
for this kind of transient ABL simulations.

A future work that may enhance the simulation results is to consider the spatial dependence
of the potential temperature obtained with WRF at ground level in the downscaling strategy.
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