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Abstract

By coupling large-eddy simulation (LES) codes to weather data from large-scale
models, previous studies showed the viability of “real-weather” LES. How-
ever, when simulating extended periods (up to one year) of weather, a number
of them diagnosed an underestimation of the simulated temporal spectrum
(of wind and solar irradiance) at timescales of a few hours (i.e., the atmo-
spheric mesoscale). This study presents simulations aimed at reproducing the
observed wind spectrum from timescales of one year to one minute, including
the mesoscale. Reanalysis data (European Centre for Medium-Range Weather
Forecasts Reanalysis Version 5) are used as boundary conditions to a mesoscale
simulation with either a local or a non-local formulation of vertical diffusion,
which then drives an LES (resolution of 50 m). Several domain sizes are used to
simulate the weather during 2022 over a meteorological tower in The Nether-
lands. It is shown that, when increasing the size of the mesoscale simulation
from 64 km to 1024 km, the LES wind spectrum at the mesoscale approaches the
observed spectrum. The spectrum is also sensitive to the mesoscale diffusion for-
mulation, which either resolves or suppresses explicit convection, resulting in a
different LES wind spectrum. In addition, it is shown that the higher order statis-
tics (structure functions) improve by using a large enough mesoscale simulation.
The results indicate that LES can be used as a tool to simulate the temporal
dynamics of the wind at all timescales between one minute and one year, if the
atmospheric mesoscales are taken into account appropriately.
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1 | INTRODUCTION

Atmospheric models use discretized physical laws and
approximations to simulate a part of the wide spectrum
of motions in the atmosphere, which spans from synop-
tic systems down to turbulence dissipation. The model’s
domain size sets the upper limit on the scales that it can
resolve and is bounded by the size of the Earth, and the
lower limit is set by the model’s resolution. Progress in
atmospheric modeling is often not measured by break-
throughs in the model physics, but rather by an increase
in domain size, resolution, integration time, or ensemble
size, because those factors improve the practical usability
of the model output (Bauer et al., 2015).

One area where weather modeling is progressing to
finer resolutions, longer integration times, and larger
domains is atmospheric large-eddy simulations (LES).
When coupled to weather data from external models,
such models can be described as “real-weather LES”,
because they use realistic inflow conditions. Real-weather
LES can be used to study turbulent flow, small clouds,
land-atmosphere interactions, renewable energy applica-
tions, and so on (e.g. Arthur et al., 2020; Baas et al., 2023;
Haupt et al, 2019; Heinze et al, 2017; Schemann
et al., 2020; Talbot et al., 2012). Because of its increased
realism and practical usability, real-weather LES can con-
tribute to addressing the so-called “hectometric modeling
challenge” (Lean et al., 2024).

By coupling an LES with periodic boundary condi-
tions to a regional weather model and running one full
year of weather conditions on a domain of 25km by
25km, Schalkwijk et al. (2015a) showed the viability of
real-weather LES over a range of timescales and weather
conditions. When considering the energy spectrum of
the horizontal wind speed, however, they diagnosed an
underestimation of wind-speed variance at temporal scales
between roughly one and 10 hours. This points to a lack
of variability in the atmospheric mesoscale, and there-
fore an incorrect representation of the cascade of motion
from large-scale weather to the turbulent scale. In a more
recent study, Stratum et al. (2023) found a similar vari-
ance deficit in radiation as simulated by a periodic LES
in a real-weather setting. Schalkwijk et al. (2015a) hypoth-
esized that using larger domain sizes of about 200 km
would permit mesoscale phenomena and thereby resolve
the missing variance in the spectrum.

To explore this hypothesis, we present real-weather
LES simulations with open boundary conditions, which
are coupled to global weather data—the European Centre
for Medium-Range Weather Forecasts (ECMWF) Reanal-
ysis Version 5 (ERAS5)—in a nested approach, via a coarser
mesoscale simulation with domain sizes of @(100 km) and
horizontal resolution of 2km. Both local- and non-local

formulations of vertical diffusion will be used for the
mesoscale simulation, which represents two contrasting
ways of dealing with the problem of the gray zone of atmo-
spheric convection (Honnert et al., 2020). The purpose of
the study is therefore to show how adding mesoscale struc-
tures to the LES inflow affects the statistical metrics of the
LES wind across timescales. The energy spectrum will be
the main method of analysis, but also the wind increments
and structure functions will be considered. These latter
two quantify the higher order statistics of the flow, which
are not represented by the energy spectrum but are very
pronounced in turbulent flow.

The current study takes the LES as a starting point
and progressively introduces larger atmospheric scales to
represent mesoscale effects. Other models that were orig-
inally developed as LES codes and are moving to increas-
ing realism are described by Maronga et al. (2020), Sauer
and Munoz-Esparza (2020), Heerwaarden et al. (2017). On
the other hand, it is also possible to develop real-weather
LES by starting with a mesoscale model and adding
microscale nests. Such efforts are described in, for
example, Talbot et al. (2012) and Heinze et al. (2017).
Other works describing and testing coupled mesoscale
to microscale simulations include Haupt et al. (2019),
who summarize mesoscale to microscale coupling strate-
gies specifically aimed at wind-energy application, and
Rai et al (2019), who studied the impact of resolu-
tion and turbulence parametrizations in such model
configurations.

Most research using these models uses limited simula-
tion periods (days), and therefore does not discuss the rep-
resentation of the full range of atmospheric motion (sea-
sons to minutes) in the simulations. Recently, however,
Pefia and Mirocha (2024) performed a year-long multiscale
simulation of a site in Denmark and compared model out-
put with wind observations in a nested setup similar to
the one used here. In line with Schalkwijk’s hypothesis,
they do not find a spectral gap underestimating the energy
at mesoscales. These considerations combined motivate a
dedicated study of the representation of the atmospheric
mesoscale in LES.

This article is structured as follows. Section 2 gives
theoretical background on spectral analysis, wind incre-
ments, and structure functions applied to atmospheric
flow. Then, the employed LES code and observation data
are presented in Section 3. The results and discussion
(Section 4) first aim to identify the key sensitivities in the
wind spectrum during one month (Section 4.1). Then sim-
ulations of the full year of 2022 are analyzed in terms of
the energy spectrum, wind increments, and structure func-
tions (Section 4.2). Finally, before drawing conclusions in
Section 5, a meteorological interpretation of the results is
given in Section 4.3.
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2 | BACKGROUND

21 |
flow

Spectral analysis of atmospheric

Kolmogorov (1941) postulated that, under the assump-
tions of local homogeneity and local isotropy, the statis-
tics of turbulent flow at each length scale depend only
on the total energy dissipation rate and the length scale
(Frisch, 1995, p. 75). This concept can be used to show that,
on dimensional grounds, the energy is distributed across
spatial scales according to the —5/3 law:

E(k) = Ce™2/3k5/3, 9]

where E(k) is the energy per wavenumber per unit mass,
k is the wavenumber (with dimension inverse length),
C is a dimensionless constant, and ¢ is the energy dis-
sipation (with dimension energy per unit mass per unit
time). Using Taylor’s hypothesis of frozen turbulence, the
spatial wavenumber k can be converted to a temporal fre-
quency w, which means that the temporal spectrum E(w)
is equivalent to the spatial spectrum and therefore also
proportional to @~%/3. The length of the simulated period
in real-weather LES (up to one year) is much larger than
the spatial scales that correspond to such periods. There-
fore, the temporal spectrum (rather than the spatial one)
is most suited to studying how large-scale phenomena
propagate into the LES. Also, in observations, it is more
feasible to obtain wind data with a large temporal extent
than data with a large spatial extent. Hence, we will con-
sider temporal spectra in this study. To calculate the total
energy spectrum of the horizontal wind, both components
of the horizontal wind are needed. In this study, how-
ever, we limit the analyses to spectra of the magnitude
of the horizontal wind, because the observation data are
obtained with a cup anemometer. This is an instrument
that measures the magnitude of the horizontal wind, and
calculating the separate components by using the wind
direction introduces an unnecessary error. Specifically, we
consider the Fourier transform, denoted with a hat, of the
magnitude of the horizontal wind M(¢). Then the energy
spectrum is calculated by squaring the magnitude of the
Fourier-transformed wind:

En(w) = |[M(o)]*. ()

By integrating this energy spectrum, one can retrieve
the variance of M(f). In this study, the term vari-
ance is therefore not limited to the below-hour (or
three-dimensional) fluctuations in the wind (like it is in
some meteorological texts), but can refer to variations at
any timescale. To account for the logarithmic horizontal
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axis, spectra are plotted as w - T - Ey(w) (Where T is the
length of the time series), which makes the Kolmogorov
spectrum proportional to @~%3, and averaged over loga-
rithmically spaced frequency bins to reduce noise.

Panofsky and van der Hoven (1955) and der
Hoven (1957) identified a minimum in the spectral
energy of the near-surface horizontal wind, located
between approximately several hours and 10 minutes.
Such a spectral gap justifies the separation of atmo-
spheric flow into slow- and fast-varying components
(the premise of Reynolds decomposition), and was
speculated to have implications for atmospheric pre-
dictability too (Lorenz, 1969). The existence (and/or
visibility) of the spectral gap has been debated (Lilley
et al., 2008; Schertzer & Lovejoy, 2004). For example,
Larsén et al. (2016) find that, depending on the contribu-
tions of mesoscale and microscale variance, a spectral gap
can appear in the near-surface winds but becomes invisi-
ble at larger heights. From airplane campaigns, Nastrom
and Gage (1983, 1985) and Nastrom et al. (1984) showed
that spatial wind spectra show a —5/3 spectrum extending
from a few to a several hundred kilometers. The physical
mechanism responsible for this observation has been a
topic of theoretical debate (Lindborg, 1999), observational
studies (Callies et al., 2014), and modeling studies, using
both global models (Tung & Orlando, 2003) and LES (De
Roode et al., 2004). In the current study, we will not study
the physical origin of the shape of the spectrum of atmo-
spheric flow, but instead use it as a tool to judge the quality
of the simulations.

2.2 | Velocity increments, wind ramps,
and structure functions

Kolmogorov (1941) introduced the assumptions that lead
to the —5/3 spectrum, but he did not use spectral anal-
ysis. Instead, he used an equivalent metric, based on
the second-order statistics of the velocity increments over
varying distances in the fluid. Here, in line with using the
temporal spectrum, we use the temporal velocity incre-
ments, at varying lag times z:

om(t,t) = M@) — M(t — 1), 3)

which can be interpreted as so-called “wind ramps”, that is,
the increase or decrease of wind between times t — 7 and ¢.
These wind ramps have a strong influence on wind-energy
production and are relevant at various timescales, ranging
from the mesoscale to the day-scale (Cheneka et al., 2020).
Distributions of 6y(¢, 7) at a fixed = (for example 10 min-
utes) are very non-Gaussian, with a heavy tail (DeMarco &
Basu, 2018; Sim et al., 2024).
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FIGURE 1 Anoverview of the concepts used in this study, applied to one year of one-minute cup anemometer data (at 80-m height) at

the Cabauw tall tower, the Netherlands (see Section 3 for more details). (a) Energy spectra of the wind, including the same spectra averaged

over logarithmically increasing bins. (b) Probability densities of the wind increments at lag times of 1 minute, 10 minutes, and 1 hour, with a

logarithmic vertical axis, including several Gaussian distributions. (c) Structure functions for n = 1,2, 3,4, also including an evaluation of

Equation (5).

Taking the nth-order moment of the absolute value of
the velocity increments gives the so-called nth structure
function of M(t):

Sy(7) = [om(t, )", “4)

where the overbar denotes an average over ¢. The struc-
ture functions for n = 1,2,3,4, ... quantify the different
moments of the velocity increments as a function of lag
time. They are directly related to the cumulants of the dis-
tribution, which are the mean, variance, skewness, and
kurtosis, respectively.

When expanding the second structure function, the
autocovariance of M(t) appears, which, by the autocorre-
lation theorem (or Wiener-Khinchin theorem), is equal
to the inverse Fourier transform of the energy spectrum
of M(t). It can then be shown that the second structure
function is related to the energy spectrum by

Sy(1) = 2003 + 3y — T [Em(@))), (5)
where frequency and lag time are related by 7 = o™
Equation (5) shows that there is a direct mapping from the
second structure function to the energy spectrum. Hence,
the information in both metrics is equivalent.

The three main statistical concepts used in this
study—the energy spectrum, wind increments, and struc-
ture functions—are interlinked by the characteristic
dynamics of turbulent (atmospheric) flow. Figure 1 shows
an overview of these concepts for one-minute wind
observations.

3 | MODEL AND DATA

This section will first describe the atmospheric model-
ing system used in this study (Section 3.1), then the
specific model settings and domain sizes that are used
(Section 3.2), and finally the observation data (Section 3.3).

31 | ASPIRE

The Atmospheric Simulation Platform for Innovation,
Research, and Education (ASPIRE) is an atmospheric
modeling suite designed for real-weather LES and has
its roots in the Dutch Atmospheric Large Eddy Simula-
tion (DALES: Heus et al., 2010). ASPIRE is developed at
the company Whiffle, a spin-off of the Delft University
of Technology, the Netherlands, and is applied mostly in
the renewable energy sector. The model runs mostly on
graphics processing units (GPUs: Schalkwijk et al., 2012,
2015b) and, more recently, open boundary conditions and
the addition of mesoscale nesting have been introduced
(Storey & Rauffus, 2024). Furthermore, ASPIRE has mod-
ules for radiation, microphysics, the land surface, and
wind turbines. ASPIRE has been applied for wind-farm
modeling (Baas et al., 2023; Oldbaum, 2019; Postema
et al., 2025; Verzijlbergh, 2021; Williams et al., 2024),
wind turbine physics and loads (Schepers et al., 2021;
Taschner et al., 2023), wind forecasting (Alonzo et al., 2022;
Gilbert et al., 2020), wind climate modeling (Kantharaju
et al, 2023; Storey & Rauffus, 2024), and dispersion
(Bieringer et al., 2021).
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Domain setup of the simulations performed in this study. (a) Terrain map used in the simulations (shading) and the

mesoscale domains (squares). (b) LES domains (squares) (satellite image from Google). (c) Schematic view of the coupling strategy, including

the position of the modulators that create turbulent inflow conditions for the LES.

LES runs with ASPIRE are nested in a mesoscale-type
simulation, typically with a horizontal resolution of 2 km,
which has the same model formulation as the LES,
except for turbulence, which is completely parametrized.
This is done with a Smagorinsky-type diffusion scheme
in the horizontal direction. In the vertical direction,
simulations with a local diffusion scheme (Holtslag &
Boville, 1993), as well as a non-local formulation (Troen &
Mahrt, 1986), can be performed. The non-local scheme
is only applied to temperature, and the boundary-layer
height is defined as the height where the potential tem-
perature is 1K above its surface value. The boundary
conditions (lateral and top) of the mesoscale simula-
tion are derived from ERAS reanalysis data (Hersbach
etal., 2020).

In the LES, an anisotropic minimum dissipation
(AMD) turbulence parametrization is used (Abkar
et al., 2016; Abkar & Moin, 2017; Rozema et al., 2015;
Verstappen, 2011) for subgrid turbulence parametriza-
tion. AMD models are designed to apply a minimum
amount of subgrid dissipation, and differ from classi-
cal eddy-viscosity type subgrid models because they do
not rely on the bulk vertical shear. This characteristic
makes AMD models switch off in stably stratified flows
(Abkar & Moin, 2017), allowing stronger wind shear
than eddy-viscosity models. AMD models do not have an
internally consistent way to diagnose subgrid turbulence
kinetic energy.

To generate turbulent inflow conditions in the LES, a
concurrent precursor method (Stevens et al., 2014) is used.
In our approach, the main LES domain is surrounded by
a series of identical periodic LES domains, termed “modu-
lators” (Figure 2c). The modulators are forced with mean
profiles taken from the center of the mesoscale domain and
have the same resolution as the main LES. The turbulent

fields generated by the modulators (i.e., differences from
the mean profile) are then introduced into the main LES.
In this study, the modulators have 64 by 64 horizontal grid
points, so their number varies depending on the size of the
main LES domain.

ASPIRE uses an Arakawa C grid (Arakawa &
Lamb, 1977) for spatial discritization, with an exponen-
tially stretched grid in the vertical direction. Timestepping
is done with a third-order Runge-Kutta scheme.

Both the LES and mesoscale simulation use a modified
version of the Tile ECMWF Scheme for Surface Exchanges
over Land (TESSEL: ECMWF, 2017) for the land sur-
face. Terrain data are taken from the Ensemble Digital
Terrain Model (Ho et al., 2023). Furthermore, ASPIRE
uses the Charnock (1955) roughness parametrization over
water surfaces, ESA worldcover data for land use (Zanaga
et al, 2022), the ECMWF radiation scheme ecRAD
(Hogan & Bozzo, 2018), and microphysics according to
Grabowski (1998) and Khairoutdinov and Randall (2003).
Orography is represented by an immersed boundary
method (IBM) similar to that in Suter et al. (2022), with
the solid-fluid boundary defined at the cell faces and the
subgrid-scale stresses adapted to the presence of the sur-
face following Monin-Obhukov similarity theory. With a
vertical spacing of 25m in the LES, situations can occur
when similarity theory might not be valid, because it is
applied outside the surface layer, which can be shallow in
stable stratifications. Optis et al. (2016) studied the limi-
tations of similarity theory at the Cabauw site for those
reasons. Their results suggest that, below roughly 50 m in
stable stratifications, the wind profiles obtained by simi-
larity theory still match observed profiles reasonably well.
It is therefore expected that the vertical resolution used in
this study is sufficient to justify the use of similarity theory
in stable stratifications.
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TABLE 1

The domain configurations of the mesoscale simulations and LES presented in this study, and the corresponding horizontal

resolution (d,), vertical resolution at the surface (d;), horizontal domain size (L), vertical domain size (L,), and simulation period.

d, (m) d, (m) L (km) L, (m) Period
Mesoscale simulation (parent) 2000 40 64 8000 2022
256
1024
LES (child) 50 25 3.2 3000 April 2022
6.4 April 2022
12.8 2022

3.2 | Setup of the simulations

The specific simulation setups used in the current study
are described below; see also Figure 2 and Table 1. In
all cases, a one-way nested simulation is employed, in
which one LES is child to one parent mesoscale simula-
tion, which is driven by ERA5 boundary conditions. The
horizontal dimensions of the domains, however, are var-
ied. LES runs with three different horizontal sizes are
presented: 3.2, 6.4, and 12.8km. The horizontal size of
the mesoscale simulation is varied between 64, 256, and
1024 km. Because each mesoscale simulation is parent to
three LES domains, this results in nine different domain
configurations. Each of these setups is run with a local
formulation of vertical diffusion and a non-local one. The
largest LES domain is run for the full year of 2022, the
two smaller ones only for April 2022. April 2022 in the
Netherlands was characterized by a succession of cold
high-pressure weather, synoptically driven weather, and
fair weather conditions with shallow cumulus.!

All simulation domains are centered at the Cabauw
meteorological mast, located at 51.971°N, 4.927°E. The
LES domains use a horizontal resolution of 50 m. Ver-
tically, a stretched grid is employed, which has a 25-m
resolution at the surface and stretches to the model top at
3000 m.

The mesoscale simulation use a 2-km horizontal reso-
lution, and the vertical resolution is 40 m near the surface
and stretches to the top at 83000 m.

All simulations are performed as individual days, from
midnight UTC to midnight UTC, with a spinup time of 6 h
for the mesocale simulation and 1 h for the LES.

3.3 | Observation data

Observations of one-minute average wind speed dur-
ing 2022 at the Cabauw meteorological mast (51.971°N,
4.927°E) were obtained via the Royal Netherlands

Meteorological Institute (KNMI). At heights of 40, 80, 140,
and 200 m, the tower has two booms oriented to approxi-
mately the north and west (+10° and +250°, respectively).
Each boom has a cup anemometer and wind vane to
measure wind speed and wind direction. Depending on
wind direction, therefore, the flow at the anemometers
is disturbed by the tower. Figure 1 shows that there is
a small difference in the wind increment distributions,
spectra, and structure functions between the two booms.
Correcting for the disturbance by the tower or filtering
the data based on wind direction is not a straightforward
procedure for one-minute data. Therefore, all analyses in
this article will show data for both the anemometers, and
differences between them will be regarded as observation
uncertainty.

Missing values (their number ranging between 23 and
113, depending on height and boom) were linearly inter-
polated. The analyses focus mostly on the 80-m wind speed
(36 missing values for the west boom, 49 for the north
boom).

4 | RESULTS AND DISCUSSION

4.1 | Identifying key sensitivities in the
simulated wind spectrum during April 2022

Previous studies with real-weather LES diagnose an under-
estimation of spectral energy in LES output at a period of
several hours for wind (Schalkwijk et al., 2015a) and solar
irradiance (Stratum et al., 2023). Given a typical advection
speed of 10m/s, these periods correspond to the meso-a
scale (several hundreds of km). This suggests that adding
these spatial scales in the modeling setup can improve
the representation of these processes. To test this hypoth-
esis, April 2022 was simulated in various model setups.
All these setups consist of a 2-km horizontal resolution
mesoscale simulation, with local- or non-local vertical dif-
fusion, driving a 50 m horizontal resolution LES.
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FIGURE 3  Spectra of the 80 m horizontal wind during April 2022 for different combinations mesoscale and LES domain sizes. The

panels a-c (d-f) correspond to increasing domain size of the mesoscale simulation with a local (non-local) diffusion formulation, and the

different lines in each panel correspond different LES domains nested in those mesoscale simulations. The spectrum of the mesoscale

simulation itself is shown as a thin line, and the observations are identical in each panel.

To investigate the effect of domain size on the energy
spectrum of the wind, the domain size of the mesoscale
simulation (L,,) was varied between 64, 256, and 1024 km.
Given the effective resolution of ERAS5 of about 600 km
(Bolgiani et al., 2022), the smallest mesoscale simula-
tion is therefore effectively driven by one ERA5 point,
whereas the largest one is expected to capture heteroge-
neous boundary conditions from ERA5. The horizontal
domain size of the LES (L;) was varied between 3.2, 6.4,
and 12.8 km.

Figure 3 shows the resulting energy spectra of the hor-
izontal wind at 80-m height. Three time regimes can be
identified, which reflect the simulation setup: the slowest
regime (one month to one day, in the left plot) corresponds
to the changing synoptic conditions, which are imposed
by the ERAS5 boundary conditions. All simulations show
the same variance at these timescales. The second regime
consists of timescales of approximately one day to 10
minutes. Given a typical advection speed of 10 m/s, this
corresponds to spatial scales of several hundreds to several

tens of kilometers, that is, scales that are comparable with
or smaller than the effective resolution of ERAS. In this
range, the simulated spectra respond strongly to the size
of the mesoscale domain, but not to the size of the LES
domain, confirming that the energy is produced by the
mesoscale simulation. For both the local mesoscale dif-
fusion scheme (top panels) and the non-local diffusion
scheme (bottom panels), the simulations with the small-
est mesoscale domain size show a clear energy minimum
around a period of 1h, similar to the spectra shown in
Schalkwijk et al. (2015a) and Stratum et al. (2023). When
moving to larger mesoscale domain sizes, this minimum
gradually disappears and the spectrum is closer to the
observed one. The spectrum also responds to the different
formulations of vertical diffusion. In the local scheme, the
simulations with L,, = 1024 km show a spectrum that has
converged to the observations, whereas for the non-local
scheme there is still a relatively small energy deficit around
timescales of 1h. This confirms the contrasting nature
of these two diffusion schemes: the local scheme is less
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diffusive and therefore permits more explicit convection,
that is, more mesoscale variance, than the very diffusive
non-local scheme.

In the final regime, at time scales below 10 minutes,
the mesoscale simulations do not produce any variance
(see the thin lines in Figure 3). Rather, the LES adds its
turbulent fluctuations to the mesoscale inflow conditions.
The magnitude of these fluctuations depends on the dif-
fusion scheme of the mesoscale simulation. When driven
by a mesoscale simulation with a local diffusion scheme
(top panels), the energy is overestimated, whereas with a
non-local diffusion scheme it represents the observations
well. Among the different mesoscale and LES domains,
there is little difference in energy at scales shorter than
10 min.

By simulating April 2022 in a large number of setups,
we have now identified two main sensitivities in the energy
spectrum of the wind in our coupled mesoscale-LES sim-
ulation setup: (1) the mesoscale domain size and (2) its for-
mulation of vertical diffusion. Most importantly, Figure 3
shows that, by using a large enough mesoscale domain
size, the observed wind spectrum across all timescales
(synoptic to minutes) can be reproduced. It was also found
that the size of the LES domain is less important in setting
the mesoscale spectrum. Informed by these first results,
the next section will study the sensitivities in the spec-
trum in more detail. Simulations of one year, with varying

mesoscale domain size and mesoscale diffusion scheme
but fixed LES domain size will be considered.

4.2 | Wind spectra and higher order
wind statistics during the full year 2022

To substantiate the earlier findings and to extend the analy-
ses to a wider range of weather conditions and seasons, we
will now consider simulations of the full year of 2022, and
add analyses of wind ramps and structure functions. Since
the size of the mesoscale domain was identified as the most
important factor in determining the spectrum, its domain
size will again be varied between 64, 256, and 1024 km.
Both local and non-local diffusion schemes will be used.
The resolution of the mesoscale simulations is 2km, and
an LES of 256 horizontal grid points with a horizontal reso-
lution of 50 m is used. This results in six full-year LES runs
to be presented in this section.

Figure 4 shows the spectrum calculated based on the
horizontal wind speed at 80-m height for the full year. Also,
the spectra for day and night-time are shown separately
in Figure 5. Considering the full-year spectra, the same
qualitative picture emerges as for April 2022 (cf. Figure 3):
an increased mesoscale domain size adds energy around
timescales of 1h. Furthermore, the local and non-local
diffusion schemes respond differently to domain size: the
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FIGURE 4  Spectra of the 80-m wind speed during 2022 for the different mesoscale domain sizes (indicated by different lines, thick
lines for the LES, thin for the meosocale simulations), with (a) local diffusion and (b) non-local diffusion. The LES domain size is 12.8 km.
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FIGURE 5 Spectra of the 80-m wind speed during 2022, averaged over daytime (0900-1700 UTC) and night-time (2100-0500 UTC).

The different lines correspond to different mesoscale domain sizes, and both the LES spectra (domain size 12.8 km) and mesoscale spectra

(thin lines) are shown. Panel (a) also shows the observed night-time spectrum, to indicate the day-night difference.

spectrum in the mesoscale converges to observations with
a local diffusion scheme at L,, = 1024 km, but has not
reached convergence with the non-local formulation. Fur-
thermore, the LES shows too much variance below 10
minutes for the local diffusion scheme, but reproduces this
part of the spectrum better when driven by a non-local
diffusion mesoscale simulation. The variation of the spec-
tra with height is not shown, but behaves qualitatively
similarly to that presented in Larsén et al. (2016): at
lower heights, the relative contribution of energy at scales
shorter than roughly 10 min increases due to turbulence
production by shear.

The separate day- and night-time spectra (Figure 5) are
calculated as averaged spectra between 0900-1700 UTC
and 2100-0500 UTC. Although this is arguably a crude
way of filtering the data, because it neglects any season-
ality in weather and day length, day and night already
show marked differences. In the observations, the energy
at scales shorter than approximately one hour is con-
siderably higher during daytime than during night-time
(see Figure 5a). This likely is the imprint of convec-
tive eddies in the boundary layer, which are a source
of turbulence kinetic energy at these scales during the

day. At night, contrastingly, the observed mesoscale spec-
trum is closer to w~2/3 for a longer range of times, indi-
cating that the turbulence cascade, rather than turbu-
lence production, is the dominant mechanism. At scales
below 10 minutes, the night-time spectra also depart from
=%/, possibly indicating the effect of turbulence pro-
duction by shear. All LES runs capture this observed
day-night contrast. Sub-one-minute resolved TKE pro-
files indicate similar qualitative behavior among the dif-
ferent simulations to that for the spectra (not shown).
During daytime, the timescales around approximately
one hour also show differences between the local and
non-local mesoscale diffusion schemes. Namely, the sim-
ulations with the local scheme need smaller domain
sizes to reproduce the observed spectrum. This again
reflects the behavior of a local diffusion scheme: it (par-
tially) resolves convective motions, whereas the non-local
scheme is too diffusive to do this. It also highlights the
two fundamentally different approaches to modeling in
the gray zone of convection. As summarized by Honnert
et al. (2020), such models either resemble a coarse LES,
where turbulence is partially resolved, or a fine mesoscale
model, where all turbulence should be handled by the
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indicated by solid and dashed lines, respectively. Panels (c) and (d) show mean liquid potential temperature profiles for day and night,

respectively. Day refers to 0900-1700 UTC and night to 2100-0500 UTC.

subgrid parametrizations. In simulations with grid spacing
in the gray zone and an explicit treatment of convec-
tion, resolved variances become too strong and unrealistic
(Zhou et al., 2014) and are in general unreliable (Ching
et al, 2014). In the current study, similar behavior is
observed in the mesoscale simulations with local diffusion:
for the local scheme during daytime (Figure 5a), the vari-
ance around periods of about 1h is overestimated in the
largest mesoscale domain. The LES child could then intro-
duce a “double counting” effect, because it adds its fluctu-
ations to mesoscale structures that are already (partially)
resolved.

At night, when there is less turbulence production
(Figure 5b,c), the local and non-local schemes behave
more similarly than during daytime. Whereas the small
mesoscale domains result in an unrealistically deep spec-
tral gap, the LES runs with the largest mesoscale domain
reproduce the observed spectrum reasonably well. The
LES variance below 10min increases with increasing
mesoscale domain size, and is slightly overestimated for
the largest domain.

Most spectra show that, at scales below 10 min, the LES
overestimates the variance, that is, becomes too turbulent.
This overestimation increases with increasing size of the
driving mesoscale domain. Also, it is most pronounced
during daytime and when the LES is driven by the local
mesoscale simulation. To elucidate the causes of the over-
estimation, it is useful to consider profiles of mean wind
and potential temperature, because they are closely related
to two important mechanisms of boundary-layer turbu-
lence production, namely production by wind shear and
convective instability. Figure 6 shows these profiles for
the mesoscale simulations and the largest LES domain,
for day and night separately. As expected, wind profiles
are more sheared and temperature profiles more stable at
night. In stably stratified flows (at night), the subgrid-scale
model employed is expected to become inactive (Abkar &
Moin, 2017). We expect that the night-time LES profiles
observed in Figure 6 owe their substantial shear to this
feature of the subgrid-scale model.

The wind profiles differ per domain size: for both day
and night, wind speed is underestimated in the smallest
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domains, with the (a-c) local and (d-f) non-local diffusion formulation.

mesoscale simulation and overestimated in the largest one.
Also wind shear is stronger in the largest mesoscale simu-
lations. The LES runs take their boundary conditions from
these mesoscale simulations. With a higher mean wind
and wind shear entering the LES domain, a larger pro-
duction of turbulence can be expected in the LES. The
temperature profiles differ relatively little between the
domain sizes, but, during daytime, the simulations with a
local scheme produce more unstable atmospheres. There-
fore, the LES driven by these simulations receive a more
unstable profile, which is conducive for more resolved
turbulence.

These consideration provide a possible explanation for
the observed overprediction of the sub-10-minute vari-
ance: because of stronger winds and more shear in the
largest mesoscale simulations, the LES runs become prone
to excessive turbulence production. Cause and effect, how-
ever, are not clearly separable: the positive wind bias can
also be an effect of too rigorous turbulence (mixing air
from aloft), instead of vice versa. Furthermore, because the

observations

1 day, 1 hour, 10 minutes

Structure functions for n = 1, 2, 3,4 during 2022 as observed and simulated by the LES driven by the different mesoscale

simulations are a year long and therefore contain many
different weather situations, it is difficult to find one clear
mechanism that is responsible. For example, surface solar
irradiance and surface energy fluxes are also expected to
play a role.

The energy spectrum is related to the variance in the
flow, but cannot give any information about the higher
order moments. To quantify further the higher-order
statistical agreement between observed and simulated
wind, we now consider the structure functions, given
by Equation (4), for n between 1 and 4 (Figure 7).
All structure functions show an increasing value with
lag time r, which flattens above 7 ~ 1000 min. At high
7, the data become scarce, so the structure functions
become noisy. Again, there is a large difference in the
simulated structure functions. For L,, = 64 km in both
the local and non-local schemes, a strong underestima-
tion of all structure functions is found between sev-
eral minutes and several hours, corresponding to the
underestimation in the spectrum. This underestimation
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different panels show the results of both LES (thick dashed lines) driven by different mesoscale domain sizes and the mesoscale simulations

themselves (thin dashed lines). Probability densities for lag times of 1 min, 10 min, 1h, and 1 day are shown, and those for lag times above

one minute are displaced successively by two decades for readability.

gradually decreases when moving to higher L,,. For LES
runs driven by mesoscale simulations with the local dif-
fusion scheme, the structure functions become overes-
timated at L,, = 1024 km. With the non-local scheme,
they show good agreement with observations. This indi-
cates that, apart from the variance, the higher-order
moments also benefit from an increased mesoscale
domain size.

These findings can be linked to a visual inspection of
the distributions of wind increments (Equation 3). Figure 8
shows the wind increments distributions during 2022 for
lag times of one minute, 10 minutes, one hour, and one
day. The observed wind increments show their typical
non-Gaussian distribution, which widens with increasing
lag time. All simulations capture the general shapes of
the distributions, but, depending on the lag time, there
is a difference between the different mesoscale domain
sizes and their diffusion schemes. Firstly, the distribu-
tions of the 1-min increments are captured well by most
LES runs, also the ones with L, = 64 km. This suggests

that one-minute wind ramps are dominated by small-scale
turbulent processes that can be captured in an LES without
proper mesoscale inflow conditions. Only the LES driven
by the largest mesoscale domain with the local diffusion
scheme (Figure 8c) clearly overestimates the occurrence
of one-minute wind ramps. This run also overestimates
the variance and structure functions at short timescales
(Figures 4 and 7).

To capture the distribution of the 10-minute and
one-hour increments properly, larger mesoscale domain
sizes are needed. Especially at a lag time of 1h, the
LES wind increments improve strongly with increasing
mesoscale domain size. This is to be expected from the
structure functions at = =1 h (Figure 7), because they
characterize the statistical moments of the wind-ramp dis-
tributions. It is furthermore interesting to note that the
non-local mesoscale simulations alone (the thin dashed
lines in Figure 8) do not capture these timescales fully.
The turbulent fluctuations added by the LES are needed to
reproduce the observed distributions.
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All data are at 80-m height.

The wind increments have a similar interpreta-
tion to the spectra. Namely, the variability of the LES
wind improves when the LES is driven by a large
enough mesoscale simulation, which is in turn driven by
large-scale weather data. In particular, the one-hour wind
increments show increased realism. This is not surprising,
because the variance added by the mesoscale simulation
is centered around this period. The wind increment dis-
tributions confirm that this added variance is manifested
correctly in the simulations, resulting in the characteristic
long-tailed non-Gaussian shapes. Furthermore, they show
that the extreme wind increments are the combined effect
of mesoscale and turbulent fluctuations.

4.3 | Meteorological interpretation

All previous sections have given statistical validation of
the wind as simulated by the LES runs and their par-
ent mesoscale simulations. Because of transformation to
the frequency domain (for spectral analysis) and tem-
poral averaging (for the structure functions), informa-
tion about specific meteorological events gets lost. In this
section, therefore, we aim to explore the meaning of the

previous findings in a phenomenological sense, rather
than a statistical one. This will be done by considering
extreme wind-ramp events that show improved represen-
tation with increasing mesoscale domain size.

To this end, Figure 9 shows time series of the total
number of one-hour wind ramps stronger than +4m/s
in rolling windows of 3 days throughout 2022, for obser-
vations and for the simulations with L,, = 64, 1024 km.
This lag time, threshold, and averaging window were cho-
sen to highlight the the differences between the mesoscale
simulation and LES, and between the local and non-local
schemes.

The curves in Figure 9 can be interpreted as wind-ramp
occurrence densities. The previous (statistical) analyses
have shown that the simulations capture the wind-ramp
probability densities to varying degrees; Figure 9 is meant
to show how the timing (or correlation) is captured. In
general, the simulations capture the timing of periods of
high wind ramp density fairly well. Most observed peaks,
which represent clustered wind ramps, are also present in
the simulations. The magnitude of the peaks, however, dif-
fers per simulation type. The LES driven by the mesoscale
simulation with L,, = 64 km (top panel) underestimates
the wind-ramp occurrence, whereas by adding a large
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large mesoscale domain) for readability (as indicated in panel [a]).

mesoscale simulation (middle and bottom panels) the
peaks are reproduced more realistically. The simulations
where the LES is driven by a mesoscale simulation with
the local scheme seem to overestimate wind-ramp occur-
rence in the summer months, whereas with the non-local
scheme these periods are captured accurately. This could
be a manifestation of excessive convection in the local sim-
ulation, especially prevalent during summer months with
low mean wind speeds and strong surface heating.

Four periods of very high wind-ramp occurrence are
highlighted in Figure 9 with numbers, for further inter-
pretation, and Figure 10 shows the wind time series dur-
ing those periods. Only data for the non-local scheme
with L,, = 64, 1024 km are shown. The following inter-
pretations have been made using weather maps from
KNMI,?, KNMI monthly weather overviews,?, and NASA
Worldview,* all last accessed on October 16, 2025.

Peak 1 (February 18) corresponds to the extratropical
storm Eunice, which brought very strong surface winds

(Volonté et al., 2024). 1t is striking to see that, for both
the local and non-local schemes, the mesoscale simula-
tion alone does not capture the wind extremes. When the
LES is added, however, the pattern and magnitude of the
observed wind are captured reasonably well. This sug-
gests that storm situations like this can be described as a
slow-varying synoptic component with turbulent fluctua-
tions, that is, a weak mesoscale component. Interestingly,
an early point of criticism on the existence of a spectral
gap, as hypothesized by Van der Hoven (1957), was that
the underlying wind data would have been measured
in very strong wind (hurricane) conditions (Lovejoy &
Schertzer, 2013; Vinnichenko, 1970).

Peak 2 (April 7) also occurred during strong synop-
tic forcing, with the passage of a low-pressure system
north of the Netherlands and a complex frontal situation.
Here, we see that the mesoscale simulation and the LES
are roughly equally important in representing the wind
ramps well.
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The magnitude of peak 3 (May 19) is not captured
completely by any of the simulations. It occurred dur-
ing low mean wind conditions, under the influence of
a high-pressure system and the presence of convective
storms. The characteristic peaks in wind speed (e.g.
around minute 700 in Figure 10) are not clearly present in
the simulations.

Finally, peak 4 (September 17) seems to be dominated
by mesoscale effects: there is a large difference between
the simulations with L,, = 64 km and L,, = 1024 km. The
simulation with L,, = 1024 km shows a similar pattern
of peaks in wind speed to the observations, although the
timing is wrong.

A complete meteorological analysis of the simulated
wind time series is outside the scope for this study. How-
ever, the four situations described above illustrate that
clustered wind ramps occur under a range of different
weather conditions, in which the relative importance of
mesoscale and local turbulence varies depending on the
large-scale synoptic conditions.

5 | CONCLUSION

In their study of a year-long periodic LES, Schalkwijk
et al. (2015a) concluded that, to resolve the missing
mesoscale processes in their simulation, LES domains of
about 200 km are needed. Such large domains are compu-
tationally expensive for year-long LES runs, especially in
an operational setting, where simulations must be com-
pleted faster than real time. The current study therefore
explored Schalkwijk’s hypothesis by using mesoscale-type
simulations as parent to a much smaller open bound-
ary condition LES. The main finding is that the missing
mesoscales can indeed be introduced in the LES by using
a large enough mesoscale simulation to drive it. As shown
by the wind spectrum, increasing the size of the mesoscale
domain increasingly adds variance around scales of one
hour. For mesoscale domains of 1024 km by 1024 km, the
LES spectrum can reproduce the observed spectrum sat-
isfactorily across all scales. This is in line with (Bolgiani
etal., 2022), who find that the effective resolution of ERA5
is around 600km in the midlatitudes, and that ERAS5
does not capture the transition of the synoptic spectrum
(x k~3) to the mesoscale spectrum («x k=>/3). By adding
a mesoscale simulation that does capture scales below
600km, and therefore the mesoscale o« k=5/3 regime,
the LES can introduce its fluctuations on sub-10-minute
turbulence scales, and then all atmospheric scales are
represented.

The LES wind spectrum is furthermore sensitive to the
formulation of vertical diffusion in the parent mesoscale

Royal Meteorological Society

simulation. When using a local vertical diffusion scheme,
convection in the mesoscale simulation is partially
resolved and is known to become too energetic and unre-
liable (Ching et al, 2014; Zhou et al., 2014). In these
simulations, the LES child also becomes overly turbu-
lent below timescales of 10 minutes, possibly due to dou-
ble counting of the turbulence. Pefia and Mirocha (2024)
also find increased variance in their year-long LES run
(albeit between 1 hour and 20 minutes) and attribute
it to similar causes. Furthermore, in the simulations
presented here, the mean wind speed and wind shear
increase with mesoscale domain size. This is an unde-
sirable effect, which also influences turbulence levels in
the LES, because of increased turbulence production by
shear.

The difference between the local and non-local
schemes is, in effect, a manifestation of the gray-zone
problem: should turbulence in mesoscale models be
resolved or not? Whereas, classically, the “double count-
ing” issue refers to representing the same turbulence scales
resolved both on the grid and in the parameterizations, in
this study it refers to turbulent scales being resolved by
both the mesoscale simulation and the LES.

Apart from the spectrum, the structure functions and
distributions of wind increments were analyzed, which
provides information the spectrum cannot give. Also, here,
it was found that the LES wind statistics improve when
adding a large enough mesoscale simulation as parent.
As expected, the timescales around one hour improve
especially. In line with the results from the spectrum,
the LES overestimates the higher order structure func-
tions when driven by a mesoscale simulation with local
diffusion.

Finally, several meteorological events that feature
strong mesoscale wind ramps were analyzed. These show
that the temporal representation of the wind ramps agrees
qualitatively with observations.

The methods of analysis in this study are mostly statis-
tical and rely on long time series of 9(10°) data points that
span all seasons. This fits with our approach of employ-
ing LES as a “real-weather” model, in which the primary
goal is a sane simulation of all possible weather conditions
with one single simulation setup. This approach neces-
sarily comes at the expense of the representation, and
understanding, of individual days or specific flow regimes.
Studying the role of mesoscale processes in more spe-
cific cases, to complement our statistical approach, might
therefore be an interesting route for further research. Fur-
thermore, variables other than wind time series have not
been considered in this study. Extending it to other vari-
ables, most notably clouds and radiation, is a relevant topic
for further research too.
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