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The dissimilarity of dynamics and turbulence structures between the roughness and inertial sublayers (RSL,
ISL) over roughness elements show that ISL turbulence is much more homogeneous. Conventional logarithmic
law of the wall is merely applicable for the RSL mean-wind-speed profiles. To characterize the turbulence scales
and elucidate the mechanism, the flows in the atmospheric surface layer (ASL) over real urban morphology are
measured in wind tunnel experiments fabricated by 3D-printing, reduced-scale model of downtown Kowloon
Peninsula, Hong Kong. Elevated dispersive flux at urban canopy signifies the influence from individual
buildings and inhomogeneous RSL flows. A positive momentum contribution appears in the low-frequency
regime. The large-scale turbulence in RSL thus enhances the mixing and transport, resulting in inhomogeneous
flows. The contribution from ejection Q2 and sweep Q4 increases and decreases, respectively, with increasing
RSL motion strength. The conventional —5/3 law is observed by empirical mode decomposition (EMD) and the
largest amplitude fluctuation occurs more often when the turbulence length scale is comparable to the turbulent
boundary layer (TBL) thickness. The single-point amplitude modulation (AM) shows that the large- and small-
scale turbulence correlates tightly at the bottom of RSL. Besides, the joint probability density function (JPDF)
illustrates that accelerating large scales often occur with decelerating small scales, and they are intensified with
increasing wall-normal distance. As a result, large-scale turbulence influences substantially the flow structures
over urban areas and the small-scale turbulence (even) in RSLs in the vicinity of building obstacles.

1. Introduction

Street-level ventilation and pollutant removal in cities are some
of the most concerned problems nowadays due to the large number
of urban inhabitants. Especially, abundant vehicular exhaust would
degrade pedestrian-level air quality more seriously in street canyons be-
cause of poor ventilation and weakened dispersion [1,2]. Therefore, an
advanced understanding of transport mechanism is essential for refined
air quality management and strategy, safeguarding public health.

Transport processes in the atmospheric surface layer (ASL) are im-
portant because pollutant dispersion is driven by winds and turbulence.
In response to the aerodynamic resistance of individual buildings, a
roughness sublayer (RSL) is developed immediately over urban canopy
and below the (conventional) inertial sublayer (ISL). ASL flows exhibit
distinct dynamics in RSL and ISL [3,4]. ISL dynamics are relatively
homogeneous whose flux-gradient relationship is described well by
the Monin-Obukhov similarity theory (MOST) [5]. Whereas, MOST is
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merely applicable to RSLs with inhomogeneous dynamics so the mean-
wind-speed profiles no longer follow the conventional logarithmic law
of the wall (log-law) [6,7]. Instead, an empirical solution to ASL mean-
wind speed was developed for both RSL and ISL [8-10]. These dissim-
ilarities would influence ASL transport and the atmospheric modeling
applications over urban areas in practice.

Previous works have focused on the influence of urban morphology
and natural terrain on turbulence statistics or scalar transport [11—
14]. Various aspects, such as thermal stability, advection, integral
length and time scales, or budgets of TKE and heat, have been stud-
ied to quantify turbulence statistics for real, inhomogeneous urban
street canyons [15,16]. Whilst, a fundamental understanding of the
inhomogeneous RSL dynamics over urban areas is still indispensable.
Recently, some studies have reported that large-scale turbulence co-
herence would modify the near-wall flows [17-19]. Besides, predic-
tive models have been proposed based on scale interaction [20,21].
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Table 1

Categories of quadrant events.
Quadrants Events u” w”
Q1 Outward interaction +
Q2 Ejection + -
Q3 Inward interaction - -
Q4 Sweep -

Moreover, turbulence intensity u'u

u! is another indicator for transport
processes. Here, double-prime ¢" (= ¢ — ), overbar ¢, and angle
bracket (¢) denote the fluctuation, time average, and spatial average,
respectively. A traditional method to quantify the contribution of tur-
bulent momentum fluxes s’/ from different directions is quadrant
analysis [22,23]. Among the four events (Table 1), ejection Q2 and
sweep Q4 dominate vertical momentum transport u”w’ [24].

Further to quadrant analysis, quadrant-hole analysis was proposed
to partition turbulence motions according to their strength by a “hole”
with designate sizes [25-28]. The momentum transport driven by
diversified motion strength are important to elucidate pollutant dis-
persion. Applying the quadrant-hole analysis over vegetation-canopy
models in wind tunnel experiments, the surface configuration (i.e. drag)
poses a notable influence on RSL flows in which ejection Q2 and
sweep Q4 are strengthened with increasing surface roughness [29,30].
Analyzing the large-eddy simulation (LES) results over urban areas
instead, it was also found that the critical turbulence motion strength,
which is most efficient in term of transport, is about 4 times larger than
the average vertical momentum flux [31].

Apart from wind tunnel experiments and LES, field measurements
have been collected to address the same concern. By monitoring the sur-
face drag in typhoons or cold fronts, it was found that the momentum
flux from ejection Q2 and sweep Q4 at high wind speeds decreases when
the conditional sampling threshold hole size is smaller than 20 [32].
Likewise, it was observed from the ASL flows within and over a corn
canopy that increasing hole size promotes the stress contribution from
ejection Q2 and sweep Q4 [33]. Hence, the dominant events, ejection
Q2 and sweep Q4, are strongly influenced by the motion strength over
canopies. Their subsequent effect on street-level ventilation, however,
has not yet been examined in details.

ASL turbulence structures were first investigated by experiments
and simulations of the flows over smooth walls [34,35]. Apart from
the momentum flux at different motion strength, turbulence scales
influence the transport processes. In full-spectrum, fully developed
turbulent flows, the scale could be as large as 20 times of the thickness
of turbulent boundary layer (TBL) § [36,37]. In particular, large-scale
motions (LSMs) of turbulent flows with streamwise wavelength 4, ~
106 have been observed recently [38-40]. Those large-scale packets
carry over a quarter of the total momentum flux though they occupy
less than 4% of the total area of vector field [41]. Besides, it was
observed that large-scale structures account for more than half of the
energy of streamwise velocity component [42]. The very large-scale
motions (VLSMs; A, > 205) were also identified in near-wall region
[43].

LSMs and VLSMs collectively contribute to momentum flux, af-
fecting the local dynamics [44,45]. To partition the contribution of
momentum flux and turbulence kinetic energy (TKE), empirical mode
decomposition (EMD) is another emerging tool to decompose (time
trace of) turbulence according to length scales. It has been actively
employed in analyzing non-linear, non-stationary phenomena in me-
chanical engineering [46] as well as weather forecast [47,48]. In
fluid mechanics, EMD is efficient to separate the scales in a time se-
ries to investigate turbulence intermittency by which the conventional
Kolmogorov spectrum and the characteristic turbulence ranges were
successfully identified [49-51]. In view of its remarkable functionality,
EMD is adopted in this paper.
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Those LSMs and VLSMs resided in logarithmic regions were revealed
by high-Reynolds-number experiments and simulations [52]. Their mo-
mentum transport is more efficient than that of small-scale structures
due to the substantial TKE portion [42]. It was first reported over
a decade ago that the small-scale structures in near-wall region are
driven by LSMs via amplitude modulation (AM) [53]. The positive and
negative velocity fluctuations of LSMs would accelerate and decelerate
their small-scale counterparts, respectively. In addition to small scales,
hot-wire anemometry (HWA) showed that dissipative scales in near-
wall regions are modulated by LSMs [54]. Although tremendous works
have been sought, most AM studies available in the literature have fo-
cused on the turbulence over either smooth walls or arrays of idealized
roughness elements only. The scale interaction over real, heterogeneous
urban morphology is not yet explored.

In this study, a series of wind tunnel experiments for the flows
and turbulence over real urban morphology are conducted to examine
the inhomogeneous RSL dynamics systematically. To demystify the
inhomogeneity in the turbulence-scale perspective, a low-pass filter is
adopted to process the velocity signals to contrast the momentum con-
tribution at different cut-off frequencies. In the light of the (noticeable)
influence from LSMs on RSL dynamics, the motion scales based on
real urban morphology are examined by EMD. Their interaction is then
analyzed by AM.

The structure of this paper is as follows. Section 2 introduces
the theory related to ASL turbulence scales. The analytical methods
adopted in this paper and the wind tunnel experiments are detailed in
Section 3. Afterward, Section 4 discusses the characteristic turbulence
and transport processes over real urban morphology together with the
scale interactions. Finally, conclusions are drawn in Section 5.

2. Theoretical background
2.1. Quadrant-hole analysis

Air masses are classified into four events, namely Q1: outward in-
teraction (+u”, +w'), Q2: ejection (—u”, +w'"), Q3: inward interaction
(=", —w'"), and Q4: sweep (+u”, —w'") of vertical turbulent momentum
flux u” w" according to their streamwise «” and vertical w” fluctuating
velocities (Table 1). Here, + and — denote accelerating and decelerating
flows, respectively.

Quadrant-hole analysis is further introduced by applying a hypo-
thetical hole of size

|u// w' (t)|

— €y
|u”w” (t)‘

to the (magnitude of) momentum flux at time ¢ (see Fig. 1). The
contribution from different quadrants Qi and motion strength |u”w" |
to the total momentum flux u”w” is then measured by the conditional
flux fraction
Ui
St = ww' () X iy . @
u// w// (t)

Here,

P (") = {1, if (u”,w")lies in Qi and |u"w”| > H )u”w”|

i

0, otherwise
3)

is the condition function and i (= 1, 2, 3, or 4) the quadrant num-
ber [55,56]. Obviously, S, ;, and S, ;, are positive while S| 3, and S; 3,
are negative.

Analogously, the time fraction of Qi with motion strength |u”w”| is

73,‘,7—1 (M//7 w//)

Tin = 4 P "o
Yict Fi=o W 0™

C)
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Fig. 1. Schematic of quadrants Qi and quadrant-hole analysis.

where Z?:] Fin=o (', w") in fact is the total number of events of all
the four quadrants. The difference in time fraction

ATy =Ton—Tom (5)

compares the importance between sweep Q4 and ejection Q2.
The exuberance
St Sin

= (6)
Soa+ San

nBX
is widely adopted to capture turbulence coherent structures and mea-
sure the transport efficiency [31,32]. Momentum transport is more
efficient with less negative ,,.

2.2. Empirical Mode Decomposition (EMD)

The original signal time trace ¢ () can be decomposed into a fi-
nite number N of oscillatory modes, which are called intrinsic mode
functions (IMFs), with different characteristic frequencies f;. IMFs have
two properties. In the whole time trace, the number of extrema and
zero-crossing are equal or differs at most by one. In addition, it has a
zero-mean envelope defined by the local maxima and minima. Unlike
simple harmonic function or Fourier transform, the amplitude A; (r) and
frequency f; () of IMFs vary in time.

The one-dimensional (1D) time-series data are decomposed by EMD
in this paper. The raw signal data ¢ are finally written as the sum of
IMFs 7; and the residual R.

N
$0=Y LO+RQ) . @)
i=1

After EMD, each IMF time series is processed by Hilbert spectral
analysis (HSA) associated with its Hilbert transform to determine the in-
stantaneous frequency f; (r) and instantaneous amplitude A, (r) [57,58],
The joint probability density function (JPDF) P (f, A) is then expressed
in terms of the frequency f; and amplitude A; generated from the IMFs.
The procedure of EMD and Hilbert transform is detailed in Appendix.

2.3. Amplitude Modulation (AM)
Single-point amplitude modulation (AM) measures the correlation

between the large-scale component and the filtered envelope of the
small-scale fluctuation. First of all, the time-trace signal of streamwise
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fluctuating velocity 4" (1) is decomposed into large-scale 4/ and small-
scale u; components by a low-pass filter whose cut-off wavelength 1,
is equal to the TBL thickness § (corresponding frequency u/$). Here,
the subscripts L and S denote the large (low-frequency) and small
(high-frequency) scales collected after low-pass filtering, respectively.
Hilbert transform and low-pass filtering are then applied on the small-
scale fluctuations u’ to develop the corresponding large-scale envelope
E | (u) which represents the amplitude of the small scales. Finally, the
AM correlation coefficient

Ry (6) = u, (t+1) L(us(t)) ®

V2 + 1)\ E2 (ug()
is calculated as a function of time lag = that measures the correlation

between the filtered envelope of small-scale E; (u) and the large-scale
u’L’ fluctuating velocities [53].

3. Methodology
3.1. Wind tunnel experiment

A typical built environment mixed with both residential and com-
mercial buildings in the downtown Kowloon Peninsula, Hong Kong Spe-
cial Administrative Region (HKSAR), China, is selected as the modeling
area. A reduced-scale model (1: 1,200) is fabricated by 3D-printing. It
is 2 m (length) x 0.55 m (width) with respect to the 3.6 km (length) x
0.5 km (width) urban morphology in true scale. The actual mean build-
ing height in the measurement region is 36 m (true scale) corresponding
to the mean building model height #,, (= 30 x 10~ m) of the urban
model. Real urban morphology is used in this paper to complement
our previous findings based on idealized urban morphology [59].

The experiments are carried out in the wind tunnel in the De-
partment of Mechanical Engineering, The University of Hong Kong
(Fig. 2a) [3,8,10,30,60]. The test section, which is made of acrylic, is
6 m (length) x 0.56 m (width) x 0.56 m (height) and the maximum
wind speed is 15 m s~1. The freestream wind speed in this experiment
is in the range of 8.8 m s™! < U, < 9.6 m s~! and the friction velocity
is 0.62 m s™! < u, < 0.67 m s~!. The TBL thickness & over the urban
model is defined at the height z where the ensemble-averaged wind
speed converges to 99% of the freestream one (E>| . = 0.99U,, which

is around 180 x 10~3 m. The spatio-temporal average <$> is regarded
as the ensemble average. According to the freestream wind speed U,
and the TBL thickness 6, the Reynolds numbers Re, (= U,é/v) and
Re,(= u,8/v) are around 170 x 10> and 12 x 10°, respectively, that is
sufficiently large for fully developed turbulent flows independent from
Reynolds number [61].

Three parallel (vertical x-z) planes, which are denoted as Ist, 2nd,
and 3rd, are assigned as the measurement planes. To avoid the influ-
ence from the side walls, the 2nd plane is aligned along the centerline
of real-urban model and wind tunnel, and the 1st and 3rd planes are
assigned beside the 2nd plane with a short distance of 100 x 10~ m
apart (Fig. 2b). The clearance is thus kept at least 150 x 10-3 m to the
side walls of the wind tunnel to avoid excessive end-wall effect. The 1st
and 3rd planes are also selected based on the different mean building
height to contrast the influence of surface roughness.

3.2. Flow sampling and data acquisition

Being controlled by a transverse system, 46 sampling locations are
evenly spaced on each plane in the streamwise x direction to measure
the vertical velocity profiles (4x = 10 x 10~ m). Along each profile,
96 sampling points are assigned at wall-normal distance 5 x 10~ m
< z < 255 x 10~ m above the tallest building model (whose height
Rppgxe = 60 X 1073 m).
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Fig. 2. (a) Wind tunnel facility and (b) reduced-scale urban model. Also shown are the dimensions and the measurement locations/planes.

Constant temperature (CT) hot-wire anemometer (HWA) with a
X-wire design is adopted to measure the streamwise u and vertical
w velocities. These two velocity components play key roles in the
transport processes over urban canopy so the spanwise velocity v is
not considered in this paper. The CT HWA probe consists of a pair of
5-um diameter tungsten wires with platinum-plated surface. The 2-mm
active length of the platinum-plated tungsten wires is fabricated by
copper electroplating. The included angle between the X-wire pair is
100° (=90°) to improve the accuracy.

Some key parameters of aerodynamics and TBL of the three planes
in the wind tunnel experiments are tabulated in Table 2. The zero-plane
displacement d and roughness height z,, are determined by the log-law
&) _1y,z-d

u, K Z

9

in the ISL where x (= 0.4 in this paper) is the von Karmén constant,
(i) the ensemble-averaged mean streamwise velocity, u, the friction
velocity, and z the height. The range of ISL is determined by the largest
momentum flux with a 10% tolerance [10]. It is assumed that the ISL

/2
)
z=h

is calculated by the vertical turbulent momentum flux [8,9]. Molecular
shear is neglected because of the large Reynolds number [10].

bottom is the RSL top. The friction velocity u, (= ( - <u” w”)

4. Results and discussion
4.1. Mean flow and turbulence

To characterize the turbulence over the urban model, the ensemble-

averaged wind speed (u), streamwise <u”u” ) and vertical

—\1/2
<w” w' > fluctuating velocities, together with vertical momentum

flux STW on the three measurement planes are examined (Fig. 3).
All the variables ?/rze normalized by the friction velocity u,
= (- <W ) at the canopy level [62,63]. It is noticeable
that there existsz;r}{ajor flow inhomogeneity in response to individual
building blocks in the RSLs 0 < z < 0.46 on the 1st plane.

On the Ist plane, the RSL mean-wind speed (E} increases in the
streamwise direction from 6u, to 10u,. Besides, the wind shear
d (u) /dz is abrupt in the lower RSL but is mild in the upper RSL. The
high-rise Building A upstream the st plane is the major reason (Fig. 2b).

On the contrary, the vertical profiles of flow variables on the
2nd and 3rd planes do not have large variations because of the mild
surface roughness. In view of the surface heterogeneity, the downward
momentum flux <W> on the Ist plane shows an obvious difference
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Table 2
Aerodynamics and turbulent boundary layer (TBL) parameters of the three measurement planes [10].
Ist plane 2nd plane 3rd plane
Mean building height (10 m) h,, 37+ 19 27+ 15 26+ 16
Free-stream velocity (m sl U, 8.86 +0.57 9.62 +0.61 9.59 + 0.69
Friction velocity (m s~1) u, 0.67 +0.04 0.62+0.01 0.65 +0.01
Turbulent boundary layer (TBL) thickness (x10~> m) P 185+6 178 £8 180 +£8
Roughness length (x10~3 m) zy 12405 09+03 1.1+04
Zero-plane displacement (X103 m) d 25+6 24 +4 37+5
Roughness sublayer top (x10~> m) RSL top 78+ 6 T4+5 76 +4
Inertial sublayer thickness (x10~> m) ISL thickness 27 26 22
Reynolds number Re, =U_8/v 1.7x10°
Re,.=ud/v 1.2x 10*
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velocity fluctuation <w”w”> on the three planes. The corresponding variations on each plane are shaded accordingly.

compared with that on the other two planes (Fig. 3b). The momentum
flux maxima occur in the ISLs [64,65]. The streamwise fluctuating

—\12
velocity <u”u’/ > on the Ist plane keeps decreasing with increasing

height. Whilst, it exhibits an increasing trend in the RSL that is peaked
in the ISLs on the 2nd and 3rd planes (Fig. 3c). On all the three planes,
the vertical fluctuating velocity ( w”w" increases first in the RSL
then decreases thereover whose maxima appear in the RSL-ISL interface

(Fig. 3d).
4.2. Dispersive flux

Dispersive vertical momentum flux
(T = ((@- (@) (@ - (w))
is calculated based on the ensemble- and time-averaged flow properties
to measure the spatial inhomogeneity on the three planes (Fig. 4).
On the Ist plane, the dispersive momentum flux is peaked at around
z = 0.26. It is much larger than that on the other two planes (over
fivefold) because of the elevated (25% higher) roughness length z,
(=36 x 1073 m, 27 x 1073 m, and 26 x 103 m on the 1st, 2nd, and 3rd

planes, respectively). This finding also echos the abrupt RSL velocity
gradient on the Ist plane discussed above.

(10)

The dispersive vertical momentum flux #"w" ) on the 2nd and 3rd
planes is peaked at the RSL bottom. Obviously, it is much larger in
the RSLs than that in the ISLs on all the three planes. Hence, the flow
(spatial) variation is more intense in RSLs that is partly attributed to
the sizeable building blocks. RSL dynamics heterogeneity would modify
street-level transport processes [8,10,31] so it is worthy to elucidate
the mechanism in terms of turbulence scales/strength in the upcoming
sections.

4.3. Momentum transport scale

To analyze how the abrupt spatial variation and inhomogeneous
flows in RSLs are influenced by turbulence scales, the fluctuating
velocities u/' are processed by a low-pass filter (cut-off frequency f,)
to compare their contributions to momentum flux u”w"” at different
frequencies (Fig. 5). Apparently, in the ISLs, the (very) low-frequency
motions contribute negatively to the momentum flux, whereas the high-
frequency motions contribute positively that eventually offset their
low-frequency counterparts.

On the Ist plane, the contribution to momentum flux gradually
increases from low- to high-frequency (Fig. 5a). The low-frequency
motion scales contribute less negatively at the RSL bottom than do at
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on the three planes.

higher levels. With increasing height, the negative momentum contri-
bution from low-frequency motion scales enlarges. The least negative
momentum contribution (from low frequencies) resides at the RSL bot-
tom. Other than the RSLs, negative contributions from low-frequency
motion scales to vertical momentum are observed on the 2nd (Fig. 5b)
and 3rd (Fig. 5¢) planes. Hence, the contribution from large scales to
ISL momentum flux is marginal.

Down in the RSLs on the 2nd and 3rd planes, the large-scales motion
contribute positively to the vertical momentum flux that is different
from that on the Ist plane. The dissimilarity could be attributed to
the very different dispersive momentum flux in response to surface
heterogeneity among the three sets of urban morphology. It in turn
evidences the influence of large-scale turbulence on the flows even at
RSL bottom.

The inhomogeneous flows and inapplicability of the log-law in RSLs
(turbulent transport cannot be modeled by anti-gradient diffusion) can
be explained by turbulence scales. Besides, the contribution from eddies
is in the range of dimensionless frequency 107° < f.6/(u) < 103
(corresponding to 0.1 Hz < f. < 10 Hz) that decreases then increases
thereafter with increasing the cut-off frequency f, in the RSL bottom on
the 2nd and 3rd planes. Hence, higher-frequency scales would intensify
momentum fluxes from eddies.

4.4. Quadrant-hole analysis

Alike our previous work [10], the vertical momentum flux " w”
over urban areas is dominated by Q2 and Q4. Whereas, how the mo-
mentum transfer is influenced by the hole size H, i.e. motion strength,
is still unknown. As such, the momentum flux fraction S, ;, contributing
to the total momentum flux <W> from Qi at different hole sizes H
are calculated (Fig. 6).

The momentum flux contribution from Q1 and Q3 varies with height
and motion strength (Fig. 6). Obviously, S, and S;;, are weakened
with enlarging hole size H on all the three planes. On the 1st plane,
there exists a bulge for Q1 and Q3 at around (z — h) = 0.26 due to the
upstream high-rise building (Building A in Fig. 2b) that concurs with
the elevated dispersive momentum flux W (Fig. 4). On the 2nd
and 3rd planes, the momentum flux contribution from Q1 gradually
decreases with increasing elevation at the same H but Q3 increases.

The magnitudes of contour gradient |dS;;,/dH| of Q1 and Q3 at
(z—h) =0 (RSL) and (z — h) = 0.5 (ISL) on the three planes are shown
in Fig. 7a(i) and b(i), respectively. The gradients of Q1 and Q3 along H
decrease rapidly in both the RSLs and ISLs. In the RSLs, the Q1 gradient
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decreases more slowly than does Q3. Their attainable largest hole
sizes (the gradient vanishes) are 10 and 5 for Q1 and Q3, respectively
(Fig. 7a(i)). As such, accelerating updrafts are more sensitive to motion
strength. In the ISLs, the gradients of Q1 and Q3 decrease similarly
whose strongest motion scales are around 7 (Fig. 7b(i)).

Given the same hole size on all the three planes, S, ;, increases with
increasing elevation whose minimum resides at the RSL bottom. On
the contrary, S,;, is peaked at the bottom of RSL then reduces with
increasing height all the way from RSL to ISL and thereabove. This
finding is consistent with that reported elsewhere [66]. Hence, it is
suggested that Q4 sweep dominates RSL transport.

Those Q4 events on the 1st plane deserve elaboration (Fig. 6a(iv)).
Fig. 7 shows the rate of change of momentum fraction S, ;, with respect
to hole size H at the RSL bottom (z—A = 0). The variation of momentum
fraction is largest at H ~ 2. The hole size of the largest motion strength
falls within 22 < H < 25 in the RSL bottom where the magnitude
of contour gradient |dS; ;;/dH| vanishes. It is in turn suggested that
the momentum cannot be transported beyond this hole size. Moreover,
sweep Q4 would diminish when the hole size H is greater than 25.
Besides, there is an overall decreasing trend except for the bulge at
(z— h) = 0.26 due to the high-rise buildings (Building A in Fig. 2b).

In the ISL, the Q4 gradient is also peaked close to H = 2 on all
the three planes. The strongest motion is found within 10 < H < 12
(Fig. 7b(ii)). On the 2nd (Fig. 6b(iv)) and 3rd (Fig. 6¢(iv)) planes, the
trends are much smoother than those on the Ist plane. The variation
trend of Q2 is opposite to that of Q4 (Fig. 6a(iii) to c(iii)). On the Ist
plane (Fig. 6a(iii)), the largest hole size displays an overall increasing
trend. There is also a bulge at (z — h) = 0.26 due to the wake after
a high-rise building (Building A in Fig. 2b). It is thus suggested that
both Q2 and Q4 are strengthened by sizeable roughness elements. On
the 2nd (Fig. 6b(iii)) and 3rd (Fig. 6c(iii)) planes, combined with the
magnitude of contour gradient |dS; ;; /dH| at the bottom of RSL (z - h
= 0; Fig. 7a(ii) and b(ii)), the hole sizes are as large as 10 < H < 12 at
the bottom of RSL and 18 < H < 20 in ISL. Under this circumstance,
ejection is being weakened gradually that eventually disappears when
H > 12 at the bottom of RSL and H > 20 in ISL. The results above are
consistent with those reported elsewhere [31].

4.5. Quadrant time fraction

Fig. 8 displays the difference in time fraction A7;, between sweep
Q4 and ejection Q2 with different hole sizes H on the three planes at
different height (z — h) /5. It illustrates the dominant event at different
motion strength by comparing the difference between the contribution
from Q4 and Q2 events. It gradually increases with enlarging hole size
in RSLs, suggesting the strengthening motion scales. These phenomena
are attributed to the increasing and decreasing contributions from
sweep Q4 and ejection Q2 to momentum transport, respectively. The
sweep Q4 dominates the large-motion-strength turbulence while the
ejection Q2 is more important than Q4 for the weaker motion strength
in RSLs. In this connection, it is suggested that accelerating downdraft
is more frequent for pollutant transport when the motion strength is
strong. On the other hand, decelerating updraft dominates the pollutant
removal in the weak-motion-strength region in RSLs. However, the
phenomenon is opposite in the ISL, where A7;, decreases with enlarging
hole size H, suggesting that ejection Q2 plays a more important role
than does sweep Q4 for weak motion strength in ISL. Hence, it is
signified that decelerating updraft (accelerating downdraft) is more
efficient for the momentum transport for stronger (weaker) motion
strength in ISL.

4.6. Transport efficiency

Since both Q2 and Q4 are crucial for momentum transport, the
ensemble average of momentum transport efficiency #,, on each plane
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over the urban areas is compared in Fig. 9 to investigate how the
transport efficiency is influenced by different motion strength.

In both RSL and ISL, #,, increases with the enlarging hole size H
on all the three planes. The momentum transfer efficiency increases
with intensifying motion scales. The exuberance 7,, is peaked in the
ISL regardless of the motion strength. Hence, momentum transfer is
most efficient in the ISLs right over buildings. On the Ist plane, there
is a large area where displays least efficient momentum transfer in the
ISL with small motions, which, however, is not found on the other two
planes. It is mainly caused by the large variations of building blocks
combined with the wake influence (Fig. 3).

4.7. EMD

EMD is useful to separate the scales of non-linear, non-stationary
signal, characterizing the frequency. It partitions the original time
series of velocity into 12 IMFs I; and I residual term R in this study.
Afterward, the power spectra density (PSD) @, is calculated for each
IMF to identify the corresponding dominant scales. With increasing
IMF order, the frequency of peaked PSD of each mode decreases,
suggesting the enlarging turbulence motion scales (Fig. 10a to c). In this
connection, 7, to I, are obviously in the inertial subrange that align
with the conventional —5/3 Kolmogorov spectrum for the dynamics.

On all the three planes, the peaked frequencies of pre-multiplied
PSD of individual IMFs signify the corresponding integral motion scales
(Fig. 10d to f). IMF5 contributes most energy whose turbulence scales
dominate on all the three planes. The characteristic dimensionless
frequency f6/u, is around 2 (corresponding to f = 10 Hz) that is about
an eddy turnover across the TBL. Considering the Taylor hypothesis, the
length scale of Z5 is about 200 X 10~ m which is comparable to the TBL
thickness of the wind tunnel experiments 6 (185 x 1073 m, 178 x 10~3 m,
and 178 x 10~ m on the Ist, 2nd, and 3rd planes, respectively). In view
of the 75 energy dominance, it is suggested that large-scale turbulence
would influence the flow dynamics even at the bottom of RSL.

4.8. Hilbert-Huang spectrum

The relationship of fluctuating velocity v’ between amplitude A
(turbulence strength) and frequency f (turbulence scale) can be de-
scribed by EMD and Hilbert-Huang transform (HHT) in the amplitude-
frequency domain. The JPDF P (f, A) at (z—h)/5 = 0 (RSL) and (z—h)/5
= 0.5 (ISL) is displayed in Fig. 11. The black, filled circles denote the
most likely occurring amplitudes of streamwise fluctuating velocity |u”|
at different frequencies. The ridge lines of JPDF shows an increasing
trend with increasing frequency, arrive the maxima around i, = 4,
then drop thereafter. In both RSL and ISL on all the three planes, the
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Fig. 6. Conditional momentum flux fraction of S,; ((a(i)) ~ (c(D))), S35 ((a(ii) ~ (c(ii))), S, ((aliii)) ~ (c(iiD))), and S,; ((aiv)) ~ (c(iv))) at different hypothetical hole size
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most frequent event with large fluctuating streamwise velocity u” is
found at the length scale A, close to the TBL thickness 5. The small-
and very large-scale turbulence tends to occur with smaller amplitude
and weaker turbulence strength. While the motion scales are dominated
by the TBL-comparable ones, turbulence with the largest amplitude and
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Fig. 7. Rate of change of S,; with respect to the hole size H in Fig. 6 at (a) RSL bottom (z - h)/é = 0 and (b) ISL (z—h)/6 = 0.5.

length scale § occurs more frequently.

4.9. Amplitude modulation

The frequency analysis evidences that the large-scale turbulence
influences the flows, including small scales, even at the bottom of RSL
in the vicinity of solid boundaries. To elucidate the interaction between
large and small scales in the wall-normal direction, this section explores
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their AM based on the high-Reynolds-number experimental data in the
ASL. From RSL to ISL, the AM correlation coefficient with zero time-
lag R, (z = 0) decreases with increasing height (Fig. 12). The largest,
positive R,,, touches down at the RSL bottom. Hence, there exists a
strong interaction between large- and small-scale turbulence even in
the near-wall region, concurring the results reported in Section 4.3.

On all the three planes, there exists a zero-crossing (where R ,,,
= 0) at the RSL-ISL interface. The turbulence processes of large and
small scales are thus nearly independent at that level. The switching of
R, from positive to negative in the wall-normal direction has been
also observed elsewhere [18,54]. In the RSL, the large- and small-scale
turbulence is correlated positively so they are mostly accelerating or
decelerating at the same time. Moreover, their coupling is peaked at
the RSL bottom. On the contrary, the R,,, in ISL is negative so the
small-scale turbulence is suppressed (enhanced) by the large-scale fast
(slow) air masses.

The AM correlation coefficient R4,, effectively describes the inter-
action between large- and small-scale turbulence based on the assump-
tion that the energy of small scales has a universal response to the large
scales [21]. Fig. 13 shows the JPDF of «/ and E; Y) at (z - h)/6 = 0
(Fig. 13a ~ ¢; RSL) and (z — h)/6 = 0.5 (Fig. 13d ~ f; ISL). It contrasts
the likelihood for different events and evaluates the energy dependence
between large and small scales. In the RSLs, Q1 and Q3 events occur
frequently, dominating the flows on all the three planes (Fig. 13). The
most likely occurring event appears in Q3 where v/ < 0 and E; (i) < 0.
It is thus suggested that, at the bottom of RSL, the low-speed, large-scale
fluctuations carry less small-scale energy while the high-speed, large-
scale fluctuations occur with more energetic small-scale fluctuations
frequently. While in the ISL, the JPDF is peaked in Q4 where the
signs (directions) of large-scale u’L’ and small-scale EL(ug) turbulence
are opposite, suggesting the suppression between them. Moreover, the
events dominate in Q2 and Q4. In the ISL, the low-speed, large-scale
fluctuations occur more frequently accompanying with more energetic,

small-scale fluctuations and the high-speed, large-scale fluctuations
carry less small-scale energy.

From RSL to ISL, the quadrant positions of the peaked JPDF on the
three planes vary (Fig. 14). With increasing height, the most frequent
event moves from Q3 to Q4 during which the JPDF peak gradually
approaching the coordinate origin. Hence, increasing the speed of
large-scale turbulence structures with decreasing small-scale energy
gradually dominates the flows.

The phase between large- and small-scale turbulence is not included
in the analysis above though the phase shift between the large and
small scales has been observed [67-70]. The AM correlation coeffi-
cients with varying phase lag v between the large- and small-scale
turbulence in the wall-normal direction (Eq. (8)) are depicted in Fig. 15.
When ru, /5 = 0, Ry, is discussed previously (Fig. 12). R, is positive
in the RSL. The positive peak of R,,, appears for zu, /5 > 0 across the
RSL, suggesting that the small-scale fluctuations lead the large-scale
fluctuations. With increasing height, the time lag zu,/§ between the
large- and small-scale increase from 0 to 0.015. A similar phenomenon
has been reported elsewhere [54,69,71]. In-between the RSL and ISL,
there is a zero zone where R,,, = 0, signifying that the turbulence
intermittency influences the scale interactions, resulting in such scale
arrangement [54,72].

In the ISLs, R,,, is negative so the large-scale fluctuations are
negatively correlated with the small-scale ones. In this connection, the
ridge lines in this region are asymmetrically converging to tu, /6 =
0 from ISL bottom to the TBL top. The ridge lines in ISL also turn
negative, implying the negative phase lag between the two signals.
Moreover, the large-scale turbulence leads its small-scale counterpart
with the time lag —0.02 < zu, /6 < 0.01 which is around several sampling
intervals.

5. Conclusions

In this paper, wind tunnel experiments over the reduced-scale phys-
ical model of real urban morphology are performed to contrast the
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(d) 1st; (b) and (e): 2nd; together with (c) and (f) 3rd planes.

multi-scale dynamics in ISLs and RSLs. Vertical profiles of winds and
turbulence are measured by CT HWA on three (vertical) planes parallel
to the streamwise direction to characterize RSL and ISL flows. Major
findings are as follows:

1. Flow inhomogeneity is found in RSLs. The spatial variations of
RSL streamwise velocity are quite substantial. The momentum
contribution from large-scale turbulence decreases with increas-
ing elevation. It influences the small scales in lower RSLs which
subsequently intensifies RSL mixing, resulting in inhomogeneous
flows.

2. The motion strength in RSLs and ISLs are dissimilar. The maxi-
mum motion strength increases (decreases) along with elevation
for Q2 ejection (Q4 sweep). The momentum difference between
Q2 and Q4 increases with enlarging hole size H in RSL, suggest-
ing that Q4 dominates the large motion scales. The momentum
transport efficiency is peaked in ISL regardless of the motion
strength.

3. Several turbulence scales are identified by EMD. The conven-
tional —5/3 law is observed by the peaks of power spectra

density (PSD) of the IMF modes. The largest turbulence scale
appears in the mode with largest order whose length scale is
comparable to the TBL thickness. Hence, the momentum of
the largest turbulence scales is entrained from the atmospheric
boundary layer (ABL). The largest amplitude fluctuation occurs

10

more frequently when the turbulence length scale is close to the
TBL thickness.

. A tight correlation between large and small scales is found in

RSL bottom where they interact with each other via a range of
turbulence processes. It thus echoes the conclusion drawn in the
frequency analysis. The AM correlation coefficient between large
and small scales R,,, is positive in RSLs and negative in ISLs,
suggesting the accelerating and decelerating effect between the
large- and small-scale turbulence. There is a time lag between
large- and small-scale turbulence, and the large-scale turbulence
leads the small-scale turbulence 0 < ru, /6 < 0.025 with increasing
height.

. The large-scale, negative fluctuations overlap with the low-

energy, small-scale fluctuations more frequently. On the con-
trary, the high-speed, large-scale fluctuations coincide with more
energetic, small-scale fluctuations in RSLs. With increasing wall-
normal distance, the increasing speed of large-scale turbulence
with decreasing small-scale energy happens more frequently. In
ISLs, low-energy, small-scale fluctuations accompany with the
high-speed, large-scale fluctuations more frequently.

It is demonstrated that large turbulence scales (also) have a major
influence even close to the ground surface, explaining the inhomoge-
neous flow characteristics in urban RSLs. The large-scale turbulence
aids in distributing pollutants more widely, while smaller-scale eddies
might affect local mixing. Thus the widely dispersed pollutant will also
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have an influence on the local mixing. How the turbulence strength full spectra of turbulence scales elucidate street-level ventilation and

varies with the turbulence scales together with the interaction amid pollutant transport. The AM in RSLs elaborated above suggests the
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interaction between large and small scales. It would help enrich our
understanding of winds over cities as well as improve the predic-
tion of pedestrian-level winds and ventilation. The outcome would
be interesting to the communities of wind loading and structurally
engineering.

The ABL is seldom isothermal, which, however, is technically chal-
lenging to be modeled in laboratory-scale wind tunnels. Generally,
stable and unstable stratification suppresses and enhances transport,
respectively. This study is limited to neutrally stratified ABL because
of the laboratory infrastructure. In case of thermal stratification, the
Reynolds number and Richardson number are the two dimensionless

12

groups to fulfill kinematic and dynamic similarity. Matching both
dimensionless groups simultaneously is an experimental hurdle. Field
measurements are thus able to shed some light on the turbulence in
stratified ABL.
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Appendix. Empirical Mode Decomposition (EMD) and Hilbert
transform

Empirical mode decomposition (EMD) and Hilbert transform are
introduced in this appendix. Given an arbitrary one-dimensional (1D),
mono-component signal ¢(7), the algorithm of standard EMD is summa-
rized as follows [49-51,58]:

1. Identify all the local extrema of the time-series signal ¢(z).
Interpolate the local minima ¢,,,() and the local maxima e, (t)
for the signal envelope.

2. Calculate the local mean 6 (1) = (€, () + €0y (1)) /2.

3. Subtract the local mean from the signal to obtain the modulated
oscillation «(1) = ¢ (t) — 6 (¢).

4. If « (¢) satisfies the stopping criterion, it is an IMF so I (r) = 6 (¢),
otherwise set ¢ (1) = « (r) and repeat the calculation from step 1.

By repeating the steps above, the number of signal extrema decreases.
The iteration ends when only one extremum remains, or the residual
remains constant so no more IMF is generated. The signal

N

P =Y L, (H+R () (A1)
i=1

is finally written as the linear combination of N number of IMFs Z, (1)

and the residual R (7).

After the signal decomposition by EMD, the Hilbert spectral analysis
(HSA) is used to calculate the instantaneous frequency f;(¢) and the in-
stantaneous amplitude A;(r) of individual IMFs [57,58]. It is associated
with the Hilbert transform

7= l-lt/_:o %dr (A2)
and the analytic signal is written as
z=1,(0) + jL,(1)

(A3)

= Ai(t)ej‘gi(f)

where 6;() (= tan™! (f, " /1; (t))) is the instantaneous phase of IMF
oscillation [73]. Neglecting the residual R (), the original signal can
be reconstructed by the real part of the analytical signal

N
() = Re <Z A; (D) ef9r<'>> .

(A.4)
i=1

The Hilbert spectrum of each IMF H,(f;,t), which represents the energy

of 7; in the time-frequency domain, is defined as the square of the

amplitude, and

£, () = do,(0)/dt

=d <tan‘1

f() (A.5)
i (@
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the instantaneous frequency. The Hilbert marginal spectrum is then
expressed as

Hi(fi) =/ Hi(f,*’l)dl (A.6)
0
that depicts the energy density of Z; at frequency f; [51,57,58].
Afterward, the joint probability density function (JPDF) P(f;, 4;) for
the frequency f; and the amplitude A; of I, are derived. The Hilbert
marginal spectrum of each IMF is also calculated by the JPDF

Hi(fi)=/ p(fin A;) AZdt. (A7)
0

The energy information in the frequency-amplitude domain is then
obtained.

Data availability

Data will be made available on request.
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