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Abstract

The turbulence generated by wind shear is described at grey-zone resolutions using a theoret-
ical neutral boundary layer based on atmospheric conditions constructed from measurements
from the CASES-99 field campaign. Six-metre-resolution large-eddy simulations (LES) are
performed to access the “true” resolved turbulence for two cases, corresponding to a forcing
of the boundary layer by zonal geostrophic wind speeds of 10ms~! and 20ms~!. The LES
fields are subject to a coarse-graining procedure in order to compute turbulence diagnostics
in the grey zone, with the robustness and weakness of various averaging procedures tested,
for which simple top-hat averaging is found to be both suitable and accurate. In addition, the
“true” resolved and subgrid-scale fluxes, variances, turbulent kinetic energy and production
terms are quantified on various scales. The grey zone of turbulence is defined as the range
of scales where 10-90% of turbulence is resolved, which here ranges from resolutions of
25-800m (0.03 < Ax/h < 1, where Ax is the horizontal resolution, and % is the boundary-
layer height). The subgrid/resolved partitioning of the variances of the velocity components
depends on the geostrophic wind speed, which is not the case for the momentum-flux partition-
ing. Dynamic production terms show that fine-scale turbulence is isotropic (Ax/h < 0.03)
and is quasi one-directional, oriented in the direction of the geostrophic wind vector at the
mesoscale (Ax/h > 1). The turbulence parametrizations, which are tested in the Méso-NH
model by running simulations at resolutions from the LES scale to the mesoscale, fail to
produce the correct turbulence regardless of resolution.

Keywords Grey-zone turbulence - Large-eddy simulation - Neutral boundary layer

1 Introduction

The grey zone of turbulence is defined by Wyngaard (2004) as the range of scales where
the resolution of the model (Ax) is close to the size of the turbulent structures. At these
resolutions, the turbulent boundary-layer structures are partly resolved and partly subgrid
scale. Beare (2014) estimated the dominant length scales in the atmospheric boundary
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layer (ABL) from large-eddy simulations (LES), and defined the grey zone of turbulence
as the scale where both the inversion depth and the dissipation length scale are of sim-
ilar magnitude. Honnert et al. (2011) studied the convective boundary layer (CBL) from
LES results, and estimated that the grey zone may extend from 0.2h to 2h, where & is
the boundary-layer height plus the depth of the cloud layer above, i.e the hectometric
scales.

Honnert et al. (2011) presented theoretical similarity functions describing the resolved and
subgrid-scale partitioning of turbulence, comparing these functions to actual simulations with
alarge set of parametrizations, to demonstrate that, in the free CBL, no parametrization is able
to reproduce correctly the decrease in subgrid-scale turbulence existing at finer resolutions.
Therefore, parametrizations must be adapted to the grey zone of turbulence.

Since then, while modifications of parametrizations have been made to run models at
resolutions within the grey zone of turbulence, most of these modifications only concern
the CBL. Boutle et al. (2014) blended a tri-dimensional Smagorinsky scheme with a uni-
dimensional non-local ABL scheme with the help of the similarity functions proposed by
Honnert et al. (2011), which were introduced to describe the CBL. Ito et al. (2015) extended
the Mellor and Yamada (1982) parametrization by modifying the length scales using statistics
obtained from a coarse-graining procedure LES investigations of the dry convective mixed
layer in the free convective region. Shin and Hong (2015) quantified the local and non-local
turbulence in the free CBL, and investigated the CBL forced by flow at scales in the grey
zone in order to adjust the vertical profiles produced from their non-local K-gradient scheme.
Dorrestijn et al. (2013) proposed a stochastic scheme for the grey zone of turbulence based
on data of an oceanic CBL case.

Non-local thermal turbulence structures, which are the dominant and largest structures in
the CBL, are the first structures to be partly resolved when model resolution increases. Thus,
the parametrization of thermal turbulence is the first parametrization modellers have to deal
with at grey-zone resolutions. Honnert and Masson (2014) proved, however, that dynamic
turbulence is not negligible in the free or forced CBL at grey-zone resolutions.

Until now, the grey zone of turbulence of dynamic origin has not been investigated. The
dynamic production of turbulence is of a different nature from the thermal production: turbu-
lent coherent structures produced by free convection are large and vertical (CBL thermals),
whilst the structures produced by wind shear are tilted and three-dimensional. These differ-
ences may affect both the range of scales concerning the grey zone and the parametrizations
of the turbulence at these particular scales. Therefore, as shear-driven turbulence has to be
studied at sub-kilometre scales, it is difficult, if not impossible, to separate dynamic and ther-
mal turbulence in LES investigations based on real cases. Observations of purely dynamic
turbulence are rare and perhaps unrealistic, which explains the necessity of using an ideal-
ized LES approach of neutral cases for the investigation of dynamic turbulence in the grey
zone.

Investigated here is the grey zone in a neutral atmospheric boundary layer by means of
a LES approach. In Sect. 2, the benchmark cases from the CASES-99 field campaign are
presented. In Sect. 3, the subgrid-scale velocity variances, turbulent kinetic energy (TKE),
and momentum fluxes are diagnosed in the grey zone of turbulence of a neutral case, as well
as the dynamic turbulence-production terms. Sub-kilometre simulations are performed and
compared with the LES reference case in order to test parametrizations in Sect. 4. The last
section is dedicated to discussions and conclusions.
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2 Benchmark Simulations
2.1 Reference Experimental Data

The simulations are based on the CASES-99 experiment, which took place from 1 to 31
October 1999 in Kansas, USA, on a flat and homogeneous site. While the experiment was
originally designed to investigate the stable ABL, and the morning and evening transition
periods (Poulos et al. 2002), measurements were also made in near-neutral conditions, which
can be used to simulate purely dynamic turbulence. The experimental data chosen here are
described in Drobinski et al. (2007).

The prescribed roughness length is 0.1 m, which generates a friction velocity of about
0.42ms~"! at the prescribed wind speed. A constant (293.15 K) potential temperature is
imposed up to an altitude of 750 m (Drobinski et al. 2007), and then a constant adiabatic
gradient is applied up to 1500 m in height. A stable layer suppresses turbulence above an
altitude of 750 m (initially) and limits the size of the eddies. The heat and humidity fluxes at
the surface are zero during the simulations, and there is no water vapour in the simulation. The
buoyancy flux is, therefore, zero inside the ABL during the simulations, and the production
of turbulence is purely dynamic. The zonal geostrophic wind speed is prescribed for two sets
of simulations of geostrophic wind speeds of 10ms~! and 20 ms~', which are denoted as
slow and fast simulations, respectively.

2.2 Large-Eddy Simulations

The Méso-NH model (Lafore et al. 1998) is used to simulate the neutral ABL cases on a
3.2 x 3.2 x 1.5km? cyclic domain over a flat and homogeneous terrain, with the upper
100 m of the domain absorbing gravity waves. Eddies remain smaller in size than 1000 m
because they are contained within the ABL. The horizontal grid resolution is set to 6.25 m
where, at this resolution, turbulence is mainly resolved, and the remaining subgrid turbulence
is homogeneous and isotropic, while the vertical grid resolution is 6 m. The grid boxes are
almost cubic in form, which suits three-dimensional turbulence parametrizations using the
Deardorff length scale (grid size limited by the magnitude of the stability). Cuxart et al.
(2000) simulate very effectively the small three-dimensional eddies.

Figure 1a, b shows, respectively, the vertical profiles of the potential temperature, and the
hodographs of the velocity vector of the two sets of simulations. Even if the temperature
of the fast simulations slightly increases during the simulation, the profile remains neutral
and quasi-constant in the ABL over the 5-h simulation period. However, the top of the ABL,
however, varies and depends on the geostrophic wind speed. Figure 1b shows the hodographs
of the fast and slow simulations after 5h of simulation time, presenting a regular rotation of
the wind vector with height and an increase in wind speed typical of an Ekman layer. If the
ABL height is defined as the lowest altitude where the hodograph arrows are parallel to the
geostrophic wind direction, the ABL heights of the fast and slow simulations are z ~ 1200 m
and i &~ 985 m, respectively.
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Fig. 1 a Vertical profiles of potential temperature during the slow (S, dashed lines) and fast (F, solid lines)
simulations, and b hodographs (V: meridional velocity component in m s~ and U: zonal velocity component
inm sfl) after 5h of the slow (red) and fast (blue) simulations

3 Results
3.1 Partial Similarity Functions

Here, the “true” resolved and subgrid parts of turbulence as a function of the filtered scale
are determined, where it is assumed, as in Honnert et al. (2011) for the CBL, that the ratio
of the subgrid and total turbulence only depends on the value of Ax/h according to

eres(Ax) P (g)

= Pggs,
eror ‘\h

)]

where Pggs, is the partial similarity function of the resolved TKE (eggs), which depends on
Ax, where

erps(Ax) = 0.5 [(LTIA"— < >)2Ax] . ®)

Here, u; (i = 1...3) are the three velocity components, < u; > is the average of u; over the
whole domain at a given altitude, and i; ** is the application of the top-hat filter on u; over
an area defined by Ax. The Einstein notation is used in Eq. 2 and hereafter.

The “true” total TKE e7or is computed as the sum of the resolved plus subgrid-scale TKE
(eres(LES) and esgs(LES)) of the large-eddy simulation and is independent of the model
resolution according to

eror = eges(LES) + esgs (LES) = erps(Ax) + esgs(Ax), 3)

where the subgrid-scale TKE esgs(Ax) is computed by subtracting eggs(Ax) from eror.
The ABL height is the altitude & defined by

0.05 ("
eror(h) = T/ eror (2)dz, “
0
which is similar to the ABL height computed using the velocity profile in Sect. 2.2 (not

shown). Figure 2 shows the subgrid-scale TKE Psgs, = esgs(Ax)/eror, the subgrid-scale
variances of the velocity components (chsﬁ, PsGs— and PSGS?), and the subgrid-scale
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Fig. 2 Subgrid-scale TKE, variances of the velocity components, and momentum fluxes as a function of the
grid size (Ax) scaled by the ABL height / calculated from the slow (green) and fast (blue) simulations. Partial
similarity function for TKE from Honnert et al. (2011) (in black)
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dynamic fluxes (PsGs —
for altitudes from 5 to 85% of the ABL helght (the ABL height is greater in the fast simulation
than in the slow). Boxplots present the dispersion per class of Ax/h values for each wind-
speed forcing (fast simulation in light blue, and slow in green), while the curves link the
medians of each class. In addition, the subgrid-scale TKE in the CBL (from Honnert et al.
2011) has been added.

The value of Psgg, is small at fine resolutions, and close to one at the mesoscale. The grey
zone of turbulence is defined here as that covering the range of scales for which the resolved
turbulence is 10-90% of the total TKE. For the large scale (Ax > 800m, or Ax/h > 1),
Fig. 2 shows that the total TKE is mainly composed of subgrid-scale TKE (resolved TKE less
than 90%). In this case, the TKE is mainly resolved (more than 90%) for resolutions finer than
25m (or Ax/h < 0.03) in the slow and fast simulations. For the intermediate resolutions,
the subgrid-scale turbulence increases with the grid resolution. The grey zone of turbulence
of the neutral ABL can then be defined as the range of scales between 0.03 < Ax/h < 1
(approximately 25-800m) in the slow and fast simulations. The resolved turbulence (not
shown) equals the subgrid-scale turbulence at Ax/h ~ 0.27 (about Ax =~ 250m). In the
grey zone, the datasets present a large variability because the resolved TKE depends on the
altitude, the size of the eddies, and the anisotropy, among other factors. Outside the grey
zone, the variability is smaller.

To study the anisotropy of the turbulent motions in the ABL, the partial similarity functions
of the variance of the velocity components are analyzed to give information on the size of
the structures: at a given resolution, the larger the field structures, the more they are resolved.
When the subgrid-scale turbulence is large, the structures are smaller than when the resolved
turbulence is large. Figure 2 shows that the zonal velocity component (the free atmosphere)
has larger structures than the meridional component, which has in turn larger structures than
the vertical velocity component. The partitioning of the variances depends on the imposed
geostrophic wind speed in the slow and fast simulations, with the latter structures rapidly
resolved, while the subgrid-scale turbulence of the slow simulation is significant, even at high
resolutions, which shows that the eddies are larger in the fast than in the slow simulation.

In contrast, the partitioning of the momentum fluxes (cf. Fig. 2) is the same for both the
slow and fast simulations. At a given resolution, the intensity of the subgrid-scale exchange of
momentum inside the ABL does not depend on the geostropic wind speed. The partitioning

. —Ax —Ax . .. . . —Ax .
of the vertical fluxes (u’w’ =~ and v'w’ ) is similar, while the subgrid-scale flux u’v" ~ is
smaller. Thus, the fields of #’w’ and v'w’ show structures of the same size; the u/v’ field
presents larger structures, as this flux is more resolved at a given resolution.

3.2 Dynamic Production

Honnert and Masson (2014) quantify the subgrid-scale production terms of turbulence in
free and forced CBL cases when the turbulence is both thermal and dynamic. However, the
thermal production is predominant even in cases when the CBL is forced by the wind speed;
in the neutral ABL, the production is only dynamic. In this section, the production terms are
computed in both simulations, with the subgrid-scale dynamic production terms at a given
Ax grid spacing
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Fig. 3 Boxplot of percentage of zonal (black), meridional (blue) and vertical (red) dynamic production of
turbulence per class of grid cell scaled by the ABL height after 5h of simulation and at altitudes between 150
and 750 m for the slow and fast simulations. Data as a function of the grid cell scaled by the ABL height are
in lighter colours for the slow (triangles) and fast (plus signs) simulations

—Ax
< =Ty — i ®)
ax Jj
Hereafter, the zonal production is the sum of terms containing a gradient along x, the sum of
the terms containing a gradient along y forms the meridional production, whereas the vertical
production is the sum of terms containing a vertical gradient.

Figure 3 shows the “true” percentages of the zonal, meridional and vertical dynamic
production of turbulence as a function of the scaled resolution (Ax/h). Boxplots present the
dispersion of the production terms in each class of Ax/h. Although the boxplots summarize
the production by the two LES in one unique group, the production terms are also shown by
lighter colours in Fig. 3 (slow: triangles; fast: plus signs).

For fine resolutions (Ax < 25 m, Ax/h < 0.03), the zonal, meridional and vertical
production terms of turbulence are of the order of 33%, implying that the turbulence is
isotropic regardless of the geostrophic wind speed. For resolutions between 25 and 100 m
(0.03 < Ax/h < 0.1), the proportion of the vertical and meridional production of turbulence
decreases, whilst the zonal production increases. For coarser resolutions (Ax > 100 m), the
zonal production is predominant, because it lies along the geostrophic wind direction. At a
resolution of 3.2 km in the slow simulation, zonal production is responsible for about 70%
of the total production. The turbulence is, therefore, isotropic for fine resolutions, while it is
anisotropic for scaled resolutions coarser than 0.03, with stronger dynamic production in the
wind direction.
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Fig. 4 The time evolution of ABL height for simulations at several resolutions (see the legend) with the
a BL89 mixing length and a one-dimensional scheme, and the b Deardorff (DEAR) mixing length and a
three-dimensional scheme. The geostrophic wind speed is 10 m s~ ! as in the slow simulation

4 Model Faults

Consistent with Honnert et al. (2011), the LES and coarse-grained results are compared
with simulations running at resolutions in the grey zone: simulations are performed for
each wind speed (10 and 20ms’1), with nine resolutions (12.5, 25, 50, 100, 200, 400,
800, 1600 and 3200 m), and two mixing lengths, namely those of Bougeault and Lacarrére
(1989) (hereafter BL89) and of Deardorff (1972) and uni-directional (one-dimensional) ver-
tical and three-dimensional isotropic turbulence schemes. The vertical resolution remains at
6m, as in the LES model. The BL89 mixing length is a mixing length that represents the
size of the largest eddies at each altitude, and is usually used to simulate non-local turbu-
lence in the CBL. The Deardorff mixing length uses the size of the grid cell (Ax AyAz)!/3,
where Ax and Ay are the two horizontal resolutions, and Az is the vertical resolution.
The Méso-NH three-dimensional scheme is a complete set of second-order turbulence
equations usually used in LES investigations with the Deardorff mixing length. The one-
dimensional scheme only computes the vertical equations, and is usually used with the
BL89 mixing length at the mesoscale, since horizontal gradients are small in the K-gradient
scheme.

The simulations are compared with the LES results and to the averaged LES fields, giving
a similar performance regardless of the magnitude of the geostrophic wind speed. The ABL
height is calculated according to Eq. 4. In the LES results, after 1 h of spin-up, the ABL height
slightly increases (from 750 to 850 m altitude in the slow simulation, see Fig. 1a) during the
5-h simulation period, and this behaviour is perfectly reproduced by the BL89 mixing length
(one- or three-dimensional) at all resolutions. The BL89 mixing length produces entirely
subgrid-scale turbulence regardless of the resolution (see Fig. 5), which is inaccurate in the
grey zone, and at the LES resolution, but which produces the correct ABL height (see Fig. 4a).
In contrast, with the Deardorff mixing length in both the one- and three-dimensional turbu-
lence schemes, the subgrid-scale turbulence and ABL height strongly depend on the model
resolution (see Fig. 4b). Figure 4b shows that the coarser the resolution, the greater the ABL
height, where the value of & is computed using Eq. 4 as the height at which the total TKE is
5% of the average total TKE below /. This diagnostic approach assumes that the total TKE
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Fig. 5 Profiles of subgrid (dotted points), resolved (dashed lines) and total TKE, e (in black) for the three-
dimensional scheme with the Deardorff mixing length (DEAR-3D) and the one-dimensional scheme with the
BL89 mixing length (BL89-1D) at resolutions of 12.5, 400 and 1600 m resolution in the slow simulation. The
total TKE of the LES results is indicated by a black dashed line

is large in the ABL and approximately null in the free atmosphere; however, the TKE is not
zero in the free atmosphere (see Fig. 5). In the CBL, the lack of mixing is compensated by
the resolved turbulence (see Honnert et al. 2011), but the total TKE in the neutral ABL is
too large and too close to the total TKE in the free atmosphere at large scales. The limit
between the turbulence in the ABL or in the free atmosphere is, therefore, unclear, as this
diagnostic does not detect the value of &, but the top of the model, or overestimates the value
of h. At aresolution finer than 400 m, on the contrary, the Deardorff mixing length produces
excessive turbulence, especially close to the surface, and as a consequence, the ABL height
is too small compared with the LES results, and is not defined for resolutions smaller than
200 m.

The conclusions are similar with reference to the rotation of the wind vector in the ABL
(not shown). A rotation of the wind vector is shown in Fig. 1b, and is well-reproduced by
the simulations with the BL.89 mixing length regardless of the resolution. With the Deardorff

@ Springer



200 R. Honnert

Wavelength (m) (b) Wavelength (m)
1000 500 200 100 50 20 10 5 1000 500 200 100 50 20 10 5

T 100

REF REF ——
125m 125m
1 25m——o ] 1 25m

50 m
-~ 100 m

—_
&0
~

100

” s
o BN
E 0 _— Ssn— 1 B oo f— |0 200 m —— _|
= = h ) —5/3—
) Z
z Z

0.0001 0.0001
< ~ T ~
55 1E-06 \ \ ;fd 1E-06 \
= =
] g
< 1E-08 < 1E-08
2 2
= g
9 1E-10 2 1E-10
i %

1E-12 1E-12

1 10 100 1000 1 10 100 1000
‘Wavenumber Wavenumber

Fig. 6 The spectra of TKE in simulations at several resolutions (see the legend) with the Deardorff mixing
length (DEAR) with the a three-dimensional (3D) or b one-dimensional scheme (1D)

mixing length, however, the coarser the resolution, the smaller the magnitude of the rotation,
and, when the resolution is finer than 200 m, the wind direction becomes chaotic.

The simulations with the Deardorff mixing length are considered as unsuitable for the
large scales at resolutions coarser than 200 m. However, despite the erroneous ABL height
and wind-direction rotation, spectral analysis (Ricard et al. 2013) with the Deardorff mixing
length and three-dimensional simulation in Fig. 6 exhibits results similar to the LES results
for heights up to 100 m. The ratio between the effective resolution (Ricard et al. 2013) and
the model resolution appears to be constant, and is similar to the LES counterparts. The
one-dimensional Deardorff simulation (DEAR-1D) presents an accumulation of energy at
small scales while the BL89 simulations never produce the resolved fields necessary for a
spectral analysis (not shown).

Furthermore, the simulations at several resolutions have been compared with the averaged
fields of the LES results. Despite the good representation of the turbulence in the spectral
space, and since the ABL height and the wind rotation are ill-represented at all resolutions
with the Deardorff mixing length, this mixing length is considered as inapplicable in the grey
zone. However, results are similar with the BL89 mixing length regardless of the averaging
procedure (see Appendix 1), geostrophic wind speed, or resolution: the BL89 mixing length
never produces resolved turbulence.

5 Conclusion

Grey-zone turbulence of dynamic origin is studied for two LES cases corresponding to
a neutral ABL forced at the domain top by two different geostrophic wind speeds. The
simulations are subject to a coarse-graining procedure (see Appendix 1). The “true” subgrid-
scale/resolved partitioning of the TKE, variances of the velocity components, momentum
fluxes, as well as the dynamic production terms, are computed, with results showing that,
below a 25-m resolution (about Ax/h = 0.03), the turbulence is mainly resolved and the
subgrid-scale turbulence is isotropic. In contrast, the turbulence is entirely found at the subgrid
scale at resolutions coarser than 800-m resolution (about Ax/h = 1). There is a grey zone
of turbulence in a neutral ABL, which extends from a 25-m to a 800-m resolution where
the turbulence is partly resolved but non-isotropic. The size of the structures, and thus the
definition of the grey zone, depends on the geostrophic wind speed: the greater the wind
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speed, the larger the structures. When the resolution increases, the larger structures are the
first to be resolved and they enter the grey zone. At a given resolution, the magnitude of the
subgrid-scale momentum fluxes inside the ABL does not depend on the geostrophic wind
speed. The horizontal flux is resolved at coarser scales than the vertical momentum fluxes.
In order to test current parametrizations in the grey zone for horizontal dynamic turbulence,
simulations are systematically made for nine horizontal resolutions from 12.5m to 3.2km
with the BL89 and Deardorff mixing lengths and with one- and three-dimensional schemes,
with results showing that the neutral ABL is ill-represented, especially at large scales. While
this may not currently affect many numerical weather prediction models, as their resolutions
are coarser than the grey zone of the neutral ABL, the neutral ABL is an interesting theoretical
state. In the grey zone and at aresolution of a few hundred metres, the subgrid-scale turbulence
is (partly) dynamic even in the free CBL since ABL thermals are (partly) resolved. It has been
proven, however, that, at those resolutions, the turbulence is not isotropic, and most of the
turbulence schemes are incorrect. An adaptation of three-dimensional isotropic-turbulence
schemes to the grey zone of turbulence is, therefore, necessary at hectometric scales.
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Appendix 1
Averaging Procedure

Itis commonly assumed that the resolved fields simulated at high resolution can be considered
as the “true” turbulence (Deardorff 1972), implying the intensity and size of ABL structures
are statistically similar to those observed. This is not the case in the grey zone, where the
resolved turbulence presents other characteristics not considered by the LES approach, whose
resolution is strongly dependent on the chosen parametrization (Honnert et al. 2011, 2016).
Here, the “true” ABL fields from the LES results are averaged to obtain “true” resolved fields
at coarser resolutions, using the coarse-graining procedure of Shutts and Palmer (2006),
Honnert et al. (2011) and Shin and Hong (2013). However, the averaging procedure differs
between authors, with the difference mostly in the definition of the resolved field in terms of
the cut-off-filter truncation in spectral space, whilst in the model, the grid spacing is set in
real space. For these reasons, several averaging procedures are tested.

Top-Hat Filter

The top-hat filter performs nearest-neighbour filtering on a grid point with a rectangular
function. It is easy to implement, and produces grid-like fields, such as those produced by
models, which makes it easier to compare the LES average with model simulations in the grey
zone. The real-space representation of a rectangular function, however, is the cardinal sine
function, which has the drawback of incorporating non-local frequencies into the averaged
field.
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Moving Averaging
The moving average is a top-hat filter shifting from point to point, which has the same

inconvenience as the top-hat filter and, furthermore, the produced fields are fuzzy and not as
comparable to the simulation as the top-hat method.

Gaussian Filter
Moeng et al. (2009) used a Gaussian filter to separate filter and subfilter scales, which is a

moving-average procedure, where the weighted function is a Gaussian function. For a point
(x, ), the average of a parameter ¢ can be written as

E(x,y)=//C(x—n,y—Z)G(x—n,y—E)dndZ, (6)

where G is the Gaussian function,

6 1 —6[(x =2+ (y — 0)?
G —n.y—1t) = p( [Cc=m”+ O O]) &)

T (A

where A ¢ is the size of the filter.

Moeng et al. (2009) explain that the Gaussian filter has the advantages of being applied in
real space as the top-hat filter (cf. Sect. 5) without generating the noise near the cut-off scale
by the sharp-wave cut-off filter. While the generated structures have more realistic shapes
than those produced by the top-hat filter, the Gaussian filter smooths the fields more rapidly
than the moving average, when the filter increases.

Spectral Averaging

The desired frequency band is selected in Fourier space by a top-hat filter where a lower and
higher frequency are specified. Spectral averaging is easy to implement digitally.

Discussion

Figure 7 shows the four averaging procedures tested on the zonal velocity component at
200-m height, showing a similar behaviour in the grey zone. At fine scales, small structures
are visible, but disappear as the grid size increases. All three velocity components display a
different behaviour (not shown). The zonal velocity component has large structures, visible
up to a resolution of 800 m, while the meridional velocity component produces structures
visible up to a resolution of 400, and the vertical velocity component up to 200-m resolution.
This difference is due to the zonal geostrophic wind speed, which zonally stretches the ABL
turbulence.

Although the top-hat filter does not conserve the shape of the ABL structures, and though
the Gaussian filter seems to produce finer structures, the difference in intensity and size of the
structures produced by the different averaging procedures is insignificant in this case. The
impact on fluxes and turbulence diagnostics does not differ in our case. The results, therefore,
produced by the top-hat filter have been selected for use.
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Fig. 7 Horizontal cross-sections of zonal wind speed in the slow simulation at a height of 200 m after 5h of
simulation, and the filtered fields by the top-hat, running, Gaussian and spectral methods at resolutions from

12.5to 800 m
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