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Abstract A large-eddy simulation of the atmospheric boundary layer, large enough to
contain both an urban surface layer and a convective mixed layer, was performed to investigate
inner-layer and outer-layer scale motions. The objective was to determine the applicability
of Monin—Obukhov similarity theory to inner-layer motions, to investigate the influence of
outer-layer motions on surface-layer structure, as well as to assess the interaction of the two
scales of motion. The urban surface roughness consisted of square-patterned cubic buildings
of dimension H (40m). A spatial filter was used to decompose the two scales in the inertial
sublayer. The horizontal square filter of size 10 H was effective in separating the inner-layer
(surface-layer height ~ 2 H) and outer-layer scales (boundary-layer height § ~ 30H ), where
the Reynolds stress contribution of the inner layer dominates in the logarithmic layer (depth
2H). Similarity coefficients for velocity fluctuations were successfully determined for inner-
layer motions in the surface layer, proving the robustness of Monin—Obukhov similarity
for surface-layer turbulence. The inner-layer structures exhibit streaky structures that have
similar streamwise length but narrower spanwise width relative to the streamwise velocity
fluctuation field, consistent with observations from an outdoor scale model. The outer-layer
motions to some extent influence the location of ejections and sweeps through updraft and
downdraft motions, respectively, thus, disturbing the homogeneity and similarity of inner-
layer motions. Although the horizontal averages of the variances and covariance of motions
reveal that the Reynolds stresses are dominated by inner-layer structures, the localized influ-
ence of the interaction of outer-layer horizontal and inner-layer vertical motions on the
Reynolds stress is not insignificant.
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1 Introduction

City dwellers have to contend with a number of problems related to urbanization such as
urban heat island and air pollution. The increasing relevance and complexity of
turbulence in the urban atmosphere have motivated scientists and engineers to focus on
the city environment (e.g., Roth 2000; Cheng and Castro 2002; Kanda et al., 2004;
Foster et al., 2006; Coceal et al., 2007; Inagaki and Kanda 2008, 2010). The bases for
some of these studies are those concerning homogeneous surfaces that use similarity
theories and models for turbulence structure. The challenge has been to modify and
apply these simplified theories and models for complex, heterogeneous real world
scenarios, such as pollution dispersion and heat ventilation in urban settings with
massive roughness elements at very high Reynolds numbers that are not manageable by
some research methods.

The similarity theory of Monin and Obukhov (1954) conjectured that any turbulence
statistic in the atmospheric surface layer, normalised by an inner-layer scale parameter,
is a function of the atmospheric stability parameter z'/L, where z' is the effective height
(the difference between the elevation z and the zero-plane displacement d) and L is the
Obukhov length:

u.’(o) : (1)
L= — _——
kg (wéb)
Here, @ is the potential temperature, k (= 0.4) is the von Karman constant, g (= 9.81 m
s?) is the acceleration due to gravity, (wé) is the surface temperature flux, and u. is the
friction velocity, related to the surface shear stress through

Ue = (- (uw)o) . )

In the above, the angled brackets () pertain to horizontal averaging, the overbar
represents temporal averaging, and the terms z' and u. are the inner-layer scaling
parameters for length and velocity, respectively.

Various field experiments, as pioneered by the Kansas experiment (Businger et al.,
1971; Wyngaard and Coté 1971), have both confirmed and contradicted the Monin-
Obukhov similarity theory (MOST). The similarities of both wind shear and vertical
velocity fluctuations have been confirmed for the atmospheric surface layer (Dyer 1974;
Hogstrom 1988). On the other hand, Kaimal et al. (1972, 1978) found that horizontal
velocity fluctuations are not similar when normalised using inner-layer scaling, and that
the low-frequency part of the horizontal velocity spectra is a function of &L, where §is



the height of the convective boundary layer and an outer-layer scale for length
(McNaughton and Brunet 2002).

Townsend (1961) and Bradshaw 1967) describe the nonconformity to MOST of the
horizontal velocity fluctuations by decomposing turbulence in a turbulent boundary
layer based on the contribution to the local Reynolds stress (i.e., active and inactive
components). Townsend (1961) postulated that the active component of motion is
responsible for the local Reynolds stress, follows inner-layer scaling, and is distinct
from and does not interact with the outer-layer component. This outer-layer component,
which was conjectured not to contribute to local Reynolds stress, has a scale of motion
associated with the mixed layer, and follows outer-layer scaling.

The decomposition of inner-layer and outer-layer motions in the atmospheric
surface layer was earlier attempted for coherent structures using eigenvector analysis
(Mahrt and Gibson 1992), boundary-layer flows over gentle hills (Poggi and Katul
2008), and spectral data at the base of an advection inversion (McNaughton and
Laubach 2000). The ‘brief-time-averaging’ used by McNaughton and Laubach (1998)
was transformed into a ‘filter-space-averaging’ by Inagaki and Kanda (2010) to spatially
filter the inner-layer motions in a comprehensive outdoor scale model (COSMO).

The concept of inactive motion has been debated and challenged (e.g., Hogstrom
and Bergstrom 1996; McNaughton and Brunet 2002; Morrison 2007; Zhao and Smits
2007), indicating a gap in Townsend’s hypothesis for explaining the non-similarity of
horizontal fluctuations. Large outer-layer eddies are found to contribute to the Reynolds
stress in the outer layer, and to the turbulent transfer of scalars such as heat (Antonia
and Raupach 1993; Hogstrom and Bergstrom 1996; Raupach et al., 1996; Bottema
1997; Hogstrom et al., 2002). The turbulence models for a convective boundary layer of
Hunt and Carlotti (2001) and McNaughton (2004) were developed on the premise that
the Reynolds stress in the convective outer layer affects that in the inner layer, thus
invalidating Townsend’s concept of inactive motion. Results from experiments over a
rice field (McNaughton and Brunet 2002) and fully-developed pipe flows (Morrison et
al., 2002; Morrison 2007; Zhao and Smits 2007) have found evidence of the interaction
between inner-layer and outer-layer turbulence, and that this interaction is nonlinear. In
light of this, inner-layer and outer-layer motions are used to refer to the active and
inactive motions, respectively (Laubach and McNaughton 2009).

The convective boundary layer can be divided into at least two main parts: the
mixed layer, where large-scale convective mixing occurs and is capped by an inversion
layer, and the underlying atmospheric surface layer, where surface shear is the dominant
source for turbulence production. Within the atmospheric surface layer there is a



roughness sublayer, which lies over and is directly affected by the surface roughness
and has three-dimensional flow characteristics (Rotach et al., 2005). If the ratio of the
atmospheric boundary-layer height to the roughness element height, &/H, is very large
and the flow is fully turbulent with a sufficiently high Reynolds number (Jiménez 2004),
an overlying inertial sublayer exists where the flow field is horizontally homogeneous,
independent of the surface roughness except insofar as this affects the surface stress,
and has a logarithmic velocity profile in neutral conditions. It is in this inertial sublayer
where the maximum turbulence exchanges of momentum and scalars occur, and where
inner-layer and outer-layer motions are said to co-exist.

There are two scales of organised structures corresponding to the inner-layer and
outer-layer components of motion, respectively: low-speed streaks associated with
Reynolds shear stress in the surface layer (Robinson 1991; Adrian et al., 2000), and
streaky structures that are associated with thermal rolls in the convective boundary layer
(Etling and Brown 1993). Over rough surfaces, the low-speed streaks in the urban
setting (e.g., Kanda et al., 2004; Kanda 2006) and their integral length in the case of
plant canopies (e.g., Kaimal and Finnigan 1994; Finnigan et al., 2009) scale to the size
of the roughness elements. The thermal rolls consist of two-dimensional vortices that
span relatively larger regions over longer periods. Both of these organised structures are
responsible for the turbulent exchange of momentum and scalars between the surface
and the atmosphere above, but the mechanics of generation of each of these structures
are different. The interaction of these two structures (i.e., shear-driven streaks in the
inner layer and thermal rolls at the outer layer) in the inertial sublayer is what has been
referred to earlier (e.g., Hunt and Carlotti 2001; McNaughton 2004; McNaughton 2006;
Laubach and McNaughton 2009).

The current paper follows McNaughton’s (2004; see also Laubach and McNaughton
2009) concept of decomposing turbulence in the inertial sublayer into the inner-layer
and outer-layer components, specifically the source of turbulence and scales of these
components for convective boundary-layer flows: the inner-layer component is surface-
shear driven with surface-layer scale while the outer-layer component is buoyancy
driven with mixing-layer scale. Hunt and Carlotti (2001), Hogstrom et al. (2002), and
Drobinski et al. (2004), who extended Hunt and Morrison’s (2000) turbulence model for
neutral flows by theoretically applying it to convective boundary-layer flows, provide
an alternative view wherein the outer eddies are composed of large-scale structures
impinging onto the surface, including structures associated with thermal convection. As
the outer eddies impinge onto the surface, their energy is passed onto smaller and
smaller eddies through Richardson’s energy cascade (Richardson 1920). For near-



neutral surface-layer flows, as outer convection weakens and surface shear strengthens,
these outer eddies become less energetic (and the inner eddies more energetic) to the
point that the there is no room for an outer Richardson cascade to develop (Laubach and
McNaughton 2009).

Various research methods have been used to describe the complex flows over urban
environments: real city field campaigns (e. g., Rotach 1993; Roth 2000), outdoor scale
models (Inagaki and Kanda 2008, 2010), wind-tunnel experiments (Cheng and Castro
2002; Hagishima et al., 2009), and numerical simulations (e.g., Kanda et al., 2004;
Coceal et al., 2007; Xie et al., 2008; Bou-Zeid et al., 2009). Each research methodology
has its own set of merits and faults, and it has been suggested that coupling two or more
of these methods has the advantage of combining their capabilities and countering their
weaknesses (Adrian 2002). Since computational fluid dynamics (CFD), specifically
large-eddy simulation (LES), can explicitly resolve atmospheric flows of various scales
ranging from an individual roughness element to an entire boundary layer (Kanda 2007),
such technology is not limited by, and can validate the application of, building
roughness models and the MOST applied for urban studies. The dimensionality, spatial
resolution, and turbulence intensity that an LES model can handle are superior over
most of the other methodologies, and sometimes compared to other CFD models, i.e.,
Reynolds-averaged Navier Stokes (RANS) and direct numerical simulation (DNS).

The objective of our large-eddy simulation study is to spatially decompose the
inner-layer and outer-layer motions in the inertial sublayer of a near-neutral urban
boundary layer, and to examine the similarity of inner-layer motions and the effect of
outer-layer motions. The urban boundary layer modelled is composed of a fully
developed mixed layer overlying an atmospheric surface layer with urban-like
roughness. The contribution of the inner-layer and outer-layer motions to the local
Reynolds stress and the interaction of the two scales are also calculated for the inertial
sublayer. Our study follows Inagaki and Kanda’s COSMO experiments (2008, 2010),
which investigated the robustness of the MOST for a fully turbulent simplified city.

Similar CFD-based urban atmospheric studies used DNS (Coceal et al., 2007) and
LES (Kanda et al., 2004; Xie et al., 2008; Bou-Zeid et al., 2009; Kono et al., 2010).
These simulations had to compromise with the flow’s Reynolds number, the size of the
spatial domain or spatial resolution, due to computational resource limitations. It is
imperative that the mixed-layer scale eddies be adequately modelled by increasing the
vertical domain, that these outer-layer scale eddies be allowed to develop freely along
an adequate horizontal domain, and that the smaller eddies be accurately resolved using
a suitable spatial resolution. Relative to the above-mentioned numerical simulation



studies, the numerical domain used in our study has, by far, the largest spatial domain
with an appropriate grid resolution for an atmospheric flow with very high Reynolds
number.

2 Numerical Model

The atmospheric boundary layer, consisting of an urban surface layer and a convective
mixed layer, was simulated. This was attained by initially setting a uniform streamwise
velocity (20 m s™), constant heat flux for all horizontal surfaces (0.1 K m s™), and a
typical daytime potential temperature vertical profile capped with a stable layer,
approximating an entrainment layer near the top of the domain (Figs. 1 and 2). In order
to appropriately study the influence of both inner-layer and outer-layer motions on the
turbulence structure in the inertial sublayer, it is imperative that the domain is large
enough to include both inner-layer scaled surface shear and outer-layer scaled
convective mixing. The urban surface roughness consists of square-patterned cubic
buildings of H size (40 m), with streamwise (x), spanwise (y), and vertical (z) domain
volume of 64H by 64H by 65H, respectively, a cube area density of 0.25, grid resolution
of H/16 (2.5 m), and a total grid number of 1025 by 1025 by 562 along the x, y, and z
axes. For the three-hour numerical simulation, all surfaces were non-slip, and the top
boundary was set to slip. Cyclic condition was set for both horizontal domains; the
volume flux of flow was conserved and not driven by an external pressure gradient or
by the Coriolis Effect.

From the vertical profiles in Fig. 2, the effective vertical height of the atmospheric
boundary layer is 6 ~ 30H (i.e., height of inversion cap), and the logarithmic layer is at
H < z < 6H. The stability of the atmospheric surface layer is near-neutral since the
stability parameter z'/L is -0.03 at z = 2H, which is classified as near-neutral by the
range of values (|z'/L| < 0.05) used by Roth (2000) and Inagaki and Kanda (2008). In the
mixed layer (3H < z < 30H), the vertical profiles for potential temperature (@), heat flux
(w) and vertical velocity variance () closely approximate the similarity relationships
for a convective boundary layer (Stull 1988). The bulges at z < H and z ~ 1.75H for the
vertical profile of <02—W> are probably due to mixing within the urban canopy layer, and
the maximum turbulent exchange between the roughness sublayer and inertial sublayer
(Feigenwinter et al., 1999; Van Gorsel et al., 2003), respectively.
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Figure 2. Vertical profiles for the large-eddy simulation model: (a) potential temperature (@); (b) heat flux (wé); (c)
variance of vertical velocity {c%,); (d) logarithmic profile of the streamwise velocity normalised by friction
velocity, (U/u,. Dashed lines are similarity relationships for neutral stability for the surface layer (z < 3H) and
convective stability for the mixed layer (0.16<z <0.96) (Stull 1988).



The urban version of the parallelised large-eddy simulation model (PALM) was
used to solve the non-hydrostatic, incompressible Navier-Stokes equations in
Boussinesq form, the first law of thermodynamics, and the equations for subgrid-scale
turbulent Kinetic energy (SGS-TKE) and scalar conservation (Letzel et al., 2008).
Numerical schemes used were the second-order Piacsek-Williams-form C3 for
advection and the third-order Runge-Kutta for time integration. The fractional step
method ensures incompressibility, and the Temperton algorithm for fast Fourier
transform (FFT) was used to solve for the resulting Poisson equation for perturbation
pressure (Raasch and Schroter 2001). Implicit filtering of the governing equations
follows the Schumann volume-balance approach, while turbulence closure for the LES
was based on the modified Smagorinsky model, the flux gradient relationships of the 1
Ysth-order Deardorff scheme (Deardorff 1980). Turbulent diffusion coefficients for
momentum and heat were parameterised by the SGS-TKE. Wall function was based on
the MOST and prescribes a Prandtl-layer for each wall surface (Letzel 2007).

As a finite difference model, the parallelised large-eddy simulation model (PALM)
stores variables on a staggered grid based on the Arakawa C grid, which doubles the
effective spatial resolution. The mask method used in PALM to explicitly resolve solid
obstacles on a rectangular grid, which was based on Kanda et al. (2004), proceeds as
follows: numerical computation was executed at each grid point as if there were no
obstacles; and forcing induced by physical boundary conditions were introduced to grid
points corresponding to obstacle surfaces, wherein zero wall-normal velocities define
wall positions (Letzel et al., 2008). The simplified and optimised mask method used in
PALM reduces the three-dimensional obstacle into a two-dimensional topography,
improving performance and minimising the computational load (Letzel 2007). To
facilitate the onset of convection, random perturbations were initially imposed on the
horizontal velocity field at every 150 seconds, which terminates when the perturbation
energy (i.e., volume average of the TKE of the total model domain) exceeds a limit of
0.01 m?s™. Rayleigh damping of a factor of 0.01 was applied near the top layer of the
domain to dampen the gravity waves caused by convection that may spread vertically in
the inversion layer and reflect at the top boundary (Raasch and Schréter 2001).

Instantaneous and one-hour averaged data fields of velocities (U, V, W) in the x, v,
and z directions, as well as potential temperature, were collected from the final time
interval of the three-hour simulation time. Most of the data analysis is done for the
instantaneous fields, and temporal averaging, as represented by an overbar, is limited to
flow statistics. The numerical simulation took approximately 600 hours real-time on
1024 CPUs on Sun Fire™ X4600 clusters of the Tsubame, Tokyo Institute of



Technology’s super grid computing system, using Message Passing Interface (MPI) for
parallel communication.

3 Spatial Filtering

The concept of inner-layer and outer-layer flows refers to the origin of the respective
eddies and is based on Townsend’s hypothesis regarding active and inactive motions
(Townsend 1976). For the numerical model of an urban convective boundary layer
consisting of a shear-driven urban surface layer capped by a convective mixed layer, the
inner-layer eddies originate from the urban surface layer and are created by surface
shear, while the outer-layer eddies come from the convective mixed layer, similarly
defined by Laubach and McNaughton (2009). McNaughton and Laubach (1998) used a
‘brief-time-average’ to separate the inner-layer and outer-layer scales, assuming that the
spectral gap between the components was sufficiently divided by the temporal filter.
Since the domain in our study is composed of instantaneous spatial data fields, instead
of using temporal averaging as a high-pass filter (McNaughton and Laubach 1998), we
follow Inagaki and Kanda’s (2010) spatial decomposition for scale separation of the
inner-layer and outer-layer components. In fact, Inagaki and Kanda (2010) found that
spatial filtering is relatively more effective in preserving the inner-layer scale motion.
Spatial filtering of the horizontal instantaneous motion u is used in order to distinguish
between the inner-layer and outer-layer flows, following Inagaki and Kanda (2010):

U=Uout + Upn , (3)

u=Ju]+u 4)

where the average of the fluctuation [u] is the outer-layer component, the residual
fluctuation u' is the inner-layer component, the square brackets [ ] indicating averaging
of the instantaneous flow field by spatial filtering for scale separation, and the prime '
for the corresponding spatial fluctuation. Using an a posteriori spatial filter for Egs. 3
and 4, the outer-layer component uq is the “filter-space-average’ [u] at each grid point
for a given elevation, while the inner-layer component u;, is the corresponding
fluctuation u' from this average [u]. The same spatial filtering was also applied for
vertical motion:

W = Wout + Win , (5)



w = [w] +w' . (6)

The horizontal averages of the variances and the covariance of u and w are as
follows:

uu) = ([uJ[u]y + (u'u’) + ([u]u’) : (7)
(ww) = ([w][w]) + (w'w') + 2([w]w’) : (8)
(uw) = ([ul[w]) + u'w') + ([ulw'’) + Uu'w]y 9)

where the angled brackets represent horizontal averaging. Following the assumptions of
Inagaki and Kanda (2008, 2010) for the inertial sublayer, where the outer-layer
component does not contribute significantly to either vertical motion ([w] ~ 0) or
momentum transfer ([u][w] = 0), and that inner-layer and outer-layer motions have
insignificant interactions at high Reynolds number (Ju]w' =~ [u]u’' = 0), the variances and
covariance of the horizontal and vertical velocities are given by:

(uu) = ([uJ[u]) +(u'u’) , (10)
(ww) = (w'w') : (11)
(uw) = (u'w") . (12)

The terms in Egs. 7-9 that are neglected in Egs. 10-12 were investigated and are
presented in Section 4.

As given by Eq. 12, it has been asserted that only the inner-layer component has a
significant contribution to the surface-layer Reynolds stress (Townsend 1961). Thus, to
determine the appropriate size for the spatial filter, the filter length must be between the
two scales, and should yield a velocity flow field with ideally the same Reynolds stress
as the original velocity field, or at least have the optimal contribution to the original
Reynolds stress, i.e., {u'w"/{uw). For a given elevation z, the Reynolds stress of the
filtered field is given by (u'w'), while that for the original field is (uw). For simplicity,
the spatial filter is taken to be a horizontal square area. Based on the contribution of the
filtered field to the local Reynolds stress with respect to the original velocity field (Fig.
3), a filter size of 10H was determined for z < 2H, with each contribution asymptoting
closely to unity. The horizontally-averaged contribution of the filtered field at z = 2H is
approximately 95% of the original local Reynolds stress. For the 10H-size spatial filter,
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the Reynolds stress contribution decreases significantly for z > 2H since the influence of
outer-layer turbulence gradually dominates as the distance from the surface roughness
increases. In fact, Fig. 3 illustrates that the filter size for scale separation gradually
increases with height, suggesting a continuum of turbulent scales between the smaller
eddies in the inner layer and the larger ones in the outer layer.

Inagaki and Kanda (2010) used a linear spanwise filter and a temporal streamwise
filter, the latter of which was converted to an equivalent linear filter by assuming frozen
turbulent hypothesis. In Fig. 4, a linear filter along both directions for z = 2H was also
applied to the large-eddy simulation data. The linear spanwise filter closely
approximates the values for the square filter, while the linear streamwise filter result in
Reynolds stress contribution of only 60% of the square filter. This confirms the
assertion of Inagaki and Kanda (2010) that linear filtering along the spanwise direction
is relatively more effective in scale separation than along the streamwise direction.

The focus of the turbulence study is on z = 2H since this is within the inertial
sublayer. With a sufficient gap between the inner layer (z = 2H) and outer-layer scale (&
~ 30H) lengths, while a spatial filter size of 10H is between these two scales, the inner-
layer and outer-layer scales can be effectively separated.

(uw’

(uw)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Filter size in terms of H

Figure 3. Reynolds stress contribution for 1.125H < z < 5H to determine the appropriate spatial filter size.
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4 Results and Analyses

Horizontal fields of instantaneous streamwise motions for z = 2H are shown in Fig. 5,
with the original u, inner-layer motion u’, and outer-layer motion [u]. These motions are
subjected to conditional sampling by quadrant technique (Wallace et al., 1972,
Willmarth and Lu 1972), where they are limited to ejections (u < 0, w > 0) and sweeps
(u >0, w < 0) for clarity in visualisation, justified by the fact that these two events are
responsible for nearly all of the vertical turbulent exchange (Raupach 1981; Shaw et al.,
1983; Finnigan 2000; Finnigan and Shaw 2000; Hogstrém et al., 2002; Foster et al.,
2006). The numerical results show ejections and sweeps each contributing at least 60%
to the net Reynolds stress at z = 2H across the whole domain, which is similar to a
neutrally-stratified boundary layer over a sparse forest (Su et al., 1998), and slightly
larger than the wind-tunnel results over urban-like roughness (Castro et al., 2006).
Streamwise motions in Fig. 5 corresponding to ejections are clearly represented by
negative values, while for sweeps by positive values.

The most noticeable aspects of the turbulence fields in Fig. 5 are that streaky
structures are present in both fields of u and u’, while smooth, massive structures are
present in the [u] field. The streaky structures u and u' look quite similar, except that the
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latter has narrower streaks than the former. This is consistent with the observations in
the COSMO experiments, where u' structures are smaller along the spanwise direction,
but have a comparable length with the u structures along the streamwise direction
(Inagaki and Kanda 2010).

Upon close inspection of Fig. 5, the horizontal distribution of the ejections and
sweeps for u' seem more homogeneous relative to u. This relative heterogeneity of u
(Fig. 5a) is apparently the effect of outer-layer motion (Fig. 5¢). Wherever positive
structures dominate in Fig. 5c¢ for [u], the positive structures (i.e., sweeps) for the u field
(Fig. 5a) are relatively larger than in the u' field (Fig. 5b). The same thing is true for the
corresponding negative structures (e.g., ejections for Fig. 5a). Foster et al. (2006)
interprets this as the effect of large-scale circulation being conducive for the formation
of ejections in the upward flow, and sweeps in the downward flow.

It seems that ejections (i.e., upward flow) dominate the region defined by 0 < y/H <
32, and sweeps (i.e., downward flow) for 32 < y/H < 64 (see Fig. 5c). This is a
consequence of the large-scale convective motion in the mixed layer, wherein the
updraught motion dominates the region 0 < y/H < 32, and the downdraught motion for
32 <y/H < 64 (Stull 1988). From hereon, these will be referred to as the updraught and
downdraught regions, respectively. The flow statistics for the half domains (Fig. 6) give
evidence for these two regions. These updraught and downdraught motions referred
here are of the mixed-layer scale that represents the outer-layer motions, the effects of
which are present in the u field.

The flow statistics in Fig. 6 were temporally (i.e., final hour of simulation) and
horizontally averaged based on their respective region, with the updraught and
downdraught regions being half domains along the spanwise direction. The streamwise
velocity of the downdraught region is relatively faster since this is directly from the
mixed layer, while the streamwise velocity of the updraught region is dampened by the
urban roughness. Although the momentum flux at the top of the urban roughness is
approximately equal for both regions, the updraught region has a significantly larger
momentum flux above the urban roughness. The large negative momentum flux in the
mixed layer is caused by convective circulation (Stull 1988), wherein updraughts have
been observed to have larger momentum flux for both neutral and convective boundary
layers (Maitani and Shaw 1990; Moeng and Sullivan 1994). While the wind velocity for
the total domain is the average of the two regions, the momentum flux, on the other
hand, looks like the aggregate of the updraught and downdraught regions.

One criterion to test the validity of spatial filtering as a high-pass filter method for
scale separation is the assumption that the inner-layer motion is wholly responsible for

13



x/H

Figure 5. Horizontal instantaneous fields of streamwise velocity for z = 2H, which were conditionally sampled for
ejections and sweeps: (a) u, (b) u’, and (c) [u].
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Figure 6. Horizontally- and temporally-averaged flow statistics for the entire domain, updraught and downdraught
regions: (a) streamwise velocity (U); (b) vertical velocity, (W); (c) Reynolds stress, (uw).

the surface-layer Reynolds stress. This assumption neglects the contribution of the outer
layer and the interaction terms presented in Eq. 9, and will be tested in this section.
Figure 7 presents the variance and covariance components in Egs. 7-9 that are neglected
in Egs. 10-12, horizontal-averaged and normalised by their respective net values (i.e.,
from u and w), while Fig. 8 presents the horizontal distribution of all Reynolds stress
components of Eq. 9 for z = 2H.

For z < 2H (Fig. 7), as in Fig. 3, inner-layer motions dominate the variances and
covariances with no significant contribution from the outer-layer scale and the
interaction terms. As the vertical distance from the roughness elements increases, the
outer-layer scale and interaction components slowly increase since outer-layer scale
motion dominates the mixed layer. The interaction terms actually remain relatively
insignificant even for z > 2H, and, together with the outer-layer component, ([u][w]) +
([ulw’) + (u'[w]) make up for the 5% residual shown in Fig. 3.

The Reynolds stress components for z = 2H, as presented in Fig. 8, have a sign
convention based on that of the vertical component of motions, so that the positive and
negative Reynolds stresses correspond to ejection- and sweep-induced values,
respectively. The inner-layer scale covariance u'w' (Fig. 8a) closely approximate the
horizontal field of the original Reynolds stress uw (not shown here), which is consistent
with the assumption that the surface-layer Reynolds stress is a consequence of inner-
layer turbulence (Townsend 1976; Raupach et al., 1991). The structures representing the
outer-layer scale [u][w] and interaction terms [u]w' and u'[w] (Figs. 8b-d) are smaller
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than the u'w' structures. Relative to [u][w] and u'[w], the streaky structures of [u]w' are
more prominent, with its pattern consistent with that of the [u] structures in Fig. 5c.
These localised [u]w' streaks, along with their correspondence with Fig. 5c, suggest that
the outer-layer motion, to a limited extent, influences the location of the ejections and
sweeps in the logarithmic layer. Yet, Fig. 7c illustrates that ([u][w]) is comparable with
([ulw" + (U'[w]), clarifying that the positive and negative structures of [u]w' (Fig. 8c)
mostly cancel each other out in horizontal averaging as much as those for [u][w] and
u'[w], resulting in the 5% residual in Fig. 3.

With the u'w' structures closely approximating uw structures and the outer-layer
scale and interaction terms having relatively small contribution to uw, the spatially-
filtered motion appropriately represents the inner-layer component of motion that is
responsible for most of the surface-layer Reynolds stress.

Figure 9 presents the normalised standard deviations of the velocity components
olus, olu., and oy/u. for the numerical simulation considering the u and u' fields.
Friction velocity u., as defined in Eq. 2, is calculated from u and w at z = 2H. In the
ordinate axis, z' =z —d, and zo is the surface roughness length, where d ~ 0.9H and zo =
0.03H based on the logarithmic velocity profile (Kaimal and Finnigan 1994). The
results of the COSMO experiments of Inagaki and Kanda (2008, 2010), wind-tunnel
experiments of Cheng and Castro (2002), and the compilation of Roth (2000) of urban
experiments, are also included. The only other study that uses a similar linear filter to
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Figure 8. Horizontal instantaneous fields of Reynolds stress components for z =2H: (a) covariance of u'w',
(b) covariance of [u][w], (c) covariance of [u]w', and (d) covariance of u'[w]. The signs of the Reynolds stress
components are based on the sign of the vertical component of motion.
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distinguish the inner-layer scale motion is the COSMO experiments of Inagaki and
Kanda (2010).

The unfiltered values of o;/u. and o/u. for the large-eddy simulation and COSMO,
including the results of the urban experiments (Roth 2000), have large discrepancies. On
the other hand, the corresponding linearly-filtered values of oy/u. and &/u., plus the
results from Cheng and Castro’s (2002) wind-tunnel experiments, agree relatively well.
The wake component of flow for the wind tunnel, which represents the effects of outer-
layer flow, is negligible in the logarithmic layer (Jiménez 2004), which is where spatial
decomposition is applied and the extent of the ordinate of Fig. 9. This is evidence for
two points: firstly, that filtering method can effectively distinguish the inner-layer
motions for an urban atmospheric flow with very high Reynolds number under near-
neutral stratification; and secondly, inner-layer turbulence does follow inner-layer scale
similarity (Kaimal et al., 1972). Cheng and Castro’s (2002) results are closely
approximated by the linearly-filtered values since their wind-tunnel experiment is
mostly composed of surface-layer motion and the absence of large-scale buoyancy-
driven eddies, with a corresponding boundary-layer height set relatively low at 6~ 7.5H.

In Inagaki and Kanda’s (2008, 2010) decomposition of motions, o*,/u.*, oA/u.’, and

2
o wlu.” are expressed as:

EAPNC 0]

Us (u'w'y ’ (13)
(&, )2 (IVILVD
(o) =1 Tuwh ; (14)
rGW\ 2
Cu, = Qw , (15)

where ax, o, and v are constants that express their respective inner-layer scale
components. From Fig. 9, these are a. ~ (2.0)> and a ~ (1.55)? for the logarithmic layer.
Since the vertical component of motion in the logarithmic layer is purely a function of
the inner-layer scale, all a,/u. values for z'/z, < 40 converge to a value of 1.25, which
gives us aw ~ (1.25)* for the logarithmic layer. These constants represent the lower limit
of the standard deviations o*y/u.’, o*/u.’, and o*/u.’ (Inagaki and Kanda 2010), and
compare well with the observed values in various experiments for urban, flat field, and
scale model (Roth 2000, Inagaki and Kanda 2008, 2010).
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Figure 9. Standard deviations of velocity components, normalised by friction velocity: (a) streamwise component; (b)
spanwise component; (c) vertical component. —l LES, - +3- spatially-filtered results of LES, -4-- Inagaki
and Kanda (2010), < spatially-filtered results of Inagaki and Kanda (2010), —¢— Cheng and Castro (2002), —
Roth (2000).

5 Conclusions

A large-eddy simulation of the urban atmospheric boundary layer was performed to
investigate the similarity of inner-layer motions and the influence of outer-layer motions
at the logarithmic layer, as well as their interaction, wherein the two scales of motions
were spatially decomposed. The atmospheric boundary layer is composed of an urban
surface layer and a convective mixed layer, and is by far the largest spatial domain (64H
by 64H by 65H) with an appropriate resolution (H/16) and very high Reynolds numbers
ever attempted. Since a horizontal square filter of 10H is between the inner-layer scale,
z = 2H, and the outer-layer scale, 6 ~ 30H, and that the inner-layer component of
Reynolds stress (u'w') accounts for 95% of the Reynolds stress in the surface layer (i.e.,
z = 2H), the spatial filtering method was able to distinguish between the inner-layer and
outer-layer components of turbulence in the inertial sublayer. Close inspection of all the
components of the Reynolds stress at z = 2H reveal that the 5% residual on the Reynolds
stress is accounted for by the outer-layer scale and interaction terms, negligible relative
to the contribution of inner-layer turbulence. From the logarithmic layer, the spatial
filter increases with height, wherein the outer-layer eddies gradually take over in
turbulence production. Linear filtering along the spanwise direction resulted in a close
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approximation of spatial filtering and is more effective in scale separation compared to
streamwise-filtering, confirming the results of Inagaki and Kanda (2010).

Similar to Inagaki and Kanda’s (2010) intention, the applicability of the MOST to
the inner-layer component of horizontal and vertical motions was validated in the large-
eddy simulation model as well as with the COSMO experiments. Relative to the
horizontal velocity fluctuation u, the inner-layer motions in the surface layer exhibit
streaky structures of ejections and sweeps that are more horizontally homogeneous and
similar in streamwise scale but smaller in spanwise scale, consistent with the findings of
Inagaki and Kanda (2010) in their COSMO experiments. The outer-layer motions,
which are large-scale convective rolls in the mixed layer, to some degree influences the
location of ejections and sweeps with the updraught and downdraught motions,
respectively, thus; disrupting the homogeneity and similarity of the logarithmic layer.
The interaction between outer-layer [u] and inner-layer w' motions may be negligible
when considering horizontal averages, yet have localised influence on the Reynolds
stress that is not insignificant.
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