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A B S T R A C T

Despite extensive research on the effect of atmospheric stability, the influence of convective rolls and thermal
plumes in convective boundary layer (CBL) on urban winds and turbulence remains merely understood.
Using amplitude modulation (AM), we examine the multi-scale interaction among turbulence intensities,
fluxes, and large-scale CBL structures in unstable urban boundary layers (UBLs). Nine sets of large-eddy
simulation (LES) are conducted, contrasting the CBL behavior over idealized urban morphology from neutral
to free convection. This study, comparing the stability-dependent AM coefficient, reveals a tight modulation
of small-scale turbulence and fluxes at urban canopy layer (UCL) by different types of characteristic CBL
structures. Wavelet analysis corroborates their interactions in the time-frequency domain. Moreover, the
correlation between the AM and the coherent CBL structures in the mixed layers is unveiled. Additionally,
building-induced secondary flow structures are observed to dominate the modulation of small-scale turbulence
residing within. UCL building-scale turbulence exhibits a higher susceptibility to modulation compared with
intermediate scales. Notably, strong convection can invert the phase relationship between large scales and UCL
turbulence. These results signify the crucialness of considering CBL coherent structures in the development of
land-surface-parameterization schemes as well as the cautious implementation of predictive models in urban
CBLs.
1. Introduction

Flourishing city expansion was evidenced by the surge of urban
population from 751 million in 1950 to 4.2 billion in 2018. Currently,
55% of the global population resides in urban areas that is anticipated
to escalate to 68% by 2050 [1]. Urban inhabitants are particularly
vulnerable to weather-related health hazards, such as heatstroke during
heatwaves or respiratory illnesses aggravated by poor air quality [2].
Numerical weather prediction (NWP) models over built areas facilitate
the forecasting of weather conditions therein, enabling government or
authorities to issue timely warnings and preventive measures.

Land-surface parameterization plays a key role in NWP because it
models those under-resolved physical processes within urban canopy
layers (UCLs). Comparing the findings between the Weather Research
and Forecasting (WRF) model and the Joint Urban 2003 field campaign
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in Oklahoma City unveiled the disparity in which the turbulence-
and thermal-related statistics, such as turbulence kinetic energy (TKE),
Obukhov length 𝐿, and heat flux 𝜎, were particularly noticeable [3].
These discrepancies are predominantly attributed to the current (over-
) simplified UCL models. For instance, only local factors, such as
the street-canyon aspect ratio and mean wind direction/speed, are
considered [4].

Nonlocal factors, such as spatially heterogeneous urban roughness
and heating sources, have been identified as the key contributors
to the transport of TKE and heat [5,6]. A recent field measurement
explored the budgets of TKE and heat within urban RSLs [7] in which
the residual terms of local budget balance accounted for substantial
proportions (40% to 50% in potential temperature budget). These find-
ings signify the potential roles of nonlocal factors in the dynamics in
urban canopies, which, however, are not accounted for in the majority
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Fig. 1. Schematic of the computational domain and key physical phenomena: typical profiles of streamwise velocity 𝑢 and potential temperature 𝜃, inversion layer, and CBL
structures under (a) shear- and (b) buoyancy-dominant states. Building façades are depicted in gray. Rooftops and ground surfaces are highlighted in red and pink, respectively,
on which heat is imposed.
of single-layer or multi-layer UCL models [8,9]. Large-scale motions
(LSMs; whose characteristic length scale is longer than the inversion
height 𝑧𝑖) in the form of coherent structures exist that are crucial to
atmospheric transport [10]. In view of the scales, they are identified
as nonlocal contributors to UCL dynamics. However, LSMs are often
overlooked in the land-surface parameterizations in the modeling of
atmospheric boundary layers (ABLs).

In view of the aforementioned (modeling) knowledge gap, this study
is conceived to examine the coherent structures in the ABLs over explic-
itly resolved, hypothetical urban morphology in a range of unstable
stratification using the large-eddy simulation (LES). In particular, we
contrast the interaction among the flows and thermals by amplitude
modulation (AM) as well as motion-scale partitioning.

Isothermal, turbulent flows are characterized by coherent struc-
tures. For instance, the elongated, very large-scale motions (VLSMs;
longer than 10𝑧𝑖) dominate the organized structures in wall-bounded
turbulence [11,12]. Their concept was initiated by observing two peaks
in the premultiplied power spectral density (PSD) of streamwise ve-
locity fluctuations [13]. The peaked PSD at a lower wavenumber
signified that the flow structures are substantially larger than the
known LSMs. The origin of VLSMs is debatable. It might arise from
either the coalescence of hairpin vortices (bottom-up mechanism) [14]
or outer-layer fluctuations (top-down mechanism) [15]. Subsequent
studies have emphasized the pivotal roles of VLSMs which contribute as
much as 50% to 60% to the TKE or the momentum flux [16]. Moreover,
these coherent structures would entrain into the viscous sublayers [17],
interacting with the even smaller, near-wall turbulence [18].

The shear and buoyancy mechanism in convective boundary layers
(CBLs) collectively influence the coherent structures, which, however,
deviate from those of the classical similarity theory [10]. In the shear-
dominant regime, CBL flow structures are prevalently quasi-2D con-
vective rolls (Fig. 1). In brief, near-wall, low-momentum fluids elevate
2

the temperature (locally). The buoyancy-driven updrafts then induce
the coherent convective rolls [19]. The onset of convective rolls has
been demonstrated by higher-resolution LES computations [20], linear
stability theory [21], as well as resolvent analysis [22].

In buoyancy-dominant regime, on the other hand, near-wall eddies
develop into cellular plumes (Fig. 1) which are characterized by in-
tense, spur-like updrafts alongside weak, broad downdrafts [23]. The
transition from roll- to cell-type structures occurs around the stability
parameter 𝜁 (= −𝑧𝑖∕𝐿; [24,25]) in the range of 15 ≤ 𝜁 ≤ 20 [26].
The aforementioned CBL flow structures are modified in the presence
of surface-mounted roughness elements [27,28], which, however, have
been merely studied.

Interaction between large-scale coherent structures and near-wall
turbulence is crucial in wall-bounded flows. The AM coefficient, which
is derived from Hilbert transform and low-pass filtering, was introduced
to quantify the multi-scale dynamics modulation [18]. It was found
that small-scale turbulence is intensified and diminished, respectively,
during accelerating and decelerating VLSMs in the near-wall region.
Another study later confirmed that all three velocity components are
modulated simultaneously by VLSMs [29]. Furthermore, there exists a
cross term in the scale-decomposed skewness of streamwise velocity
that has been identified as an effective diagnosis for AM examina-
tion [30]. A theoretical derivation based on triadic scale interactions
was established to elucidate the relationship between AM coefficient
and velocity skewness [31].

A more profound comprehension of AM facilitates the formulation
of predictive models that are capable of estimating near-wall, small-
scale turbulence based solely on outer-layer flows [12]. Moreover, it
fostered the framework for the LES wall model development [32].

Recent research has increasingly focused on the AM phenomena in
urban flows due to their practical importance. Pioneering studies have
employed high-fidelity computer models to explore the AM over ribs in
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crossflows [33] and staggered cubes [34]. In the roughness sublayers
(RSLs) over explicitly resolved roughness elements, the AM and coher-
ent structures are tightly coupled in which modulation is prominent
at the front edges in high-momentum regions but is reduced in low-
momentum regions [35]. Lately, studies have extended from idealized
to real urban morphology numerically [36] and experimentally [37]
whose findings concurred with those from idealized urban morphology.
Moreover, the practical potential of predictive models in urban flows
was demonstrated [38].

Apart from isothermal flows, a handful of studies have investigated
the influence of ABL thermal stratification on AM. Aircraft data de-
tected that AM is largely attributed to the large-scale vertical flows
in convective rolls [39]. Recently, the buoyancy effect on LSMs in
CBLs, particularly in modulating near-wall processes, was evaluated by
LESs [24]. It was observed that buoyancy-induced AM varies across
atmospheric stability. The modulation by large-scale streamwise flows
remains significant in weak convection. It is lessened in more unstable
conditions in which the prevailing flows are gradually switching from
streamwise to vertical dominance. Using the field measurements over
homogeneous grassland, a linear relation was established to express
AM in terms of atmospheric stability [40]. Despite the aforementioned
studies, investigations into the effect of atmospheric stability on AM
remain scanty compared with those in neutral conditions.

As reviewed above, the majority of studies have emphasized the
AM in isothermal turbulent boundary layers (TBLs) and canonical CBLs.
Although some studies have investigated the influence of unstable ABL
on the mean and turbulent flows in proximity to buildings [41–44],
the impact of large-scale CBL structures on UCL turbulence has not
been examined. To address the aforementioned knowledge gap, LES is
employed to analyze AM phenomena in this paper. Our investigation
spans from shear (neutral) to buoyancy (unstable) dominant ABLs,
encompassing both convective rolls and thermal plumes in CBLs. To
the best knowledge of the authors, this study is the first attempt to
investigate the AM in urban CBLs.

This section reviews the relevant literature and states the key sci-
entific contributions and the core research questions. The LES setting
and the analytical approaches are described in Section 2. Section 3
outlines the approach to the data analyses. In Section 4, the findings,
focusing on the impact of buoyancy on the AM in urban CBLs, are
presented, The phase relationship and its spatial variability are also
discussed. Finally, Section 5 draws the conclusions as well as highlights
the practical implications harvested from this paper.

2. Mathematical model

2.1. Governing equations

This study employs the LES of incompressible flows with heat trans-
fer based on the Boussinesq approximation. The governing equations
for the conservation of mass, momentum, and potential temperature in
resolved scales (denoted by overbar 𝜉 for a variable 𝜉) are
𝜕𝑢𝑖
𝜕𝑥𝑖

= 0 , (1)

𝜕𝑢𝑖
𝜕𝑡

+
𝜕
(

𝑢𝑖𝑢𝑗
)

𝜕𝑥𝑗
= −

(

𝜕𝛱
𝜕𝑥𝑖

+ 𝜕𝑃
𝜕𝑥𝑖

)

+ 𝜈
𝜕2𝑢𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

+
𝜃 − 𝛩0
𝛩0

𝑔𝑖 −
𝜕𝜏𝑑𝑖𝑗
𝜕𝑥𝑗

,

(2)

and

𝜕𝜃
𝜕𝑡

+
𝜕
(

𝑢𝑗𝜃
)

𝜕𝑥𝑗
= 𝜈
𝑃 𝑟

𝜕2𝜃
𝜕𝑥𝑗𝜕𝑥𝑗

−
𝜕𝜎𝑗
𝜕𝑥𝑗

, (3)

espectively. Here, 𝑥𝑖 (= 𝑥, 𝑦, 𝑧) is the Cartesian coordinate, 𝑢𝑖 (= 𝑢, 𝑣,
𝑤) the velocity vector; 𝜃 the potential temperature; 𝛩0 (= 300 K) the
reference potential temperature; 𝜈 (= 1 × 10−5 m2 s−1) the kinematic
3
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iscosity; 𝑃𝑟 (= 0.7) the Prandtl number; 𝑔𝑖 (= 0, 0, −9.81 m s−2)
he gravitational acceleration vector; 𝑝 the kinematic pressure; 𝛱 (=
+ 𝜏𝑘𝑘∕3) the modified kinematic pressure; 𝜏𝑖𝑗 (= 𝑢𝑖𝑢𝑗 − 𝑢𝑖𝑢𝑗) the

subgrid-scale (SGS) momentum flux; 𝜏𝑘𝑘 the trace of 𝜏𝑖𝑗 ; 𝜎𝑗 (= 𝑢𝑗𝜃−𝑢𝑗𝜃)
the SGS potential temperature flux; and 𝜕𝑃∕𝜕𝑥𝑖 the mean kinematic
pressure gradient prescribed at the background. To mitigate the com-
plexity introduced by wind veering, which varies with height and
atmospheric stability [26] together with complicates the wind incident
angle across different cases, the Coriolis term is excluded from Eq. (2).
This simplification facilitates the simulations to accurately capture the
essential CBL characteristics. The governing equations are expressed
in the tensor notation and the usual summing convention of repeated
indices (𝑖, 𝑗 = 1, 2, 3) is employed.

The deviatoric part of the SGS momentum flux 𝜏𝑑𝑖𝑗 (= −𝜈𝑡 ×
𝜕𝑢𝑖∕𝜕𝑥𝑗 + 𝜕𝑢𝑗∕𝜕𝑥𝑖

)

) and the SGS potential temperature flux 𝜎𝑗 (=
−𝜈𝑡∕𝑃𝑟𝑡 × 𝜕𝜃∕𝜕𝑥𝑗 ) are modeled by the eddy viscosity and the eddy
diffusivity, respectively. Here, 𝜈𝑡 (= 𝐶𝑘𝑙𝛥𝑘

1∕2
sgs ) denotes the SGS eddy

viscosity; 𝐶𝑘 (= 0.0673) the modeling coefficient; 𝑙𝛥 (= 𝛺1∕3) the filter
width; 𝛺 the volume of finite volume (FV) cell; 𝑃𝑟𝑡 (=

(

1 + 2𝑙∕𝑙𝛥
)−1)

he turbulent Prandtl number; and 𝑙 (= 𝑙𝛥) the length scale in neutral
r unstable ABLs [45]. The SGS TKE 𝑘sgs conservation follows the
ransport equation incorporating atmospheric stability correction [46]

𝜕𝑘sgs

𝜕𝑡
+
𝜕
(

𝑢𝑖𝑘sgs
)

𝜕𝑥𝑖
= − 1

2
𝜏𝑑𝑖𝑗

(

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖

)

+
𝜈𝑡

𝛩0𝑃𝑟𝑡
𝑔𝑖
𝜕𝜃
𝜕𝑥𝑖

−
(

0.19 + 0.74 𝑙
𝑙𝛥

) 𝑘3∕2sgs

𝑙
+ 𝜕
𝜕𝑥𝑖

[

(

𝜈 + 𝜈𝑡
)
𝜕𝑘sgs

𝜕𝑥𝑖

]

.

(4)

.2. Numerical method

The aforementioned governing equations are solved by the FV
ethod using the Simulator for Wind Farm Applications (SOWFA) [47].
he time integration is carried out by the second-order-accurate back-
ard scheme. In the spatial domain, both the advection and diffusion

erms are discretized by the second-order-accurate central differencing.
he velocity-pressure coupling in incompressible flows is handled by
he pressure-implicit with splitting of operation (PISO) algorithm. After
rocessed by the diagonal incomplete-LU (DILU) preconditioner, the
ariables 𝑢𝑖, 𝜃, and 𝑘sgs are iterated by the bi-conjugate gradient (BiCG)

method. The Poisson 𝛱 equation is iterated by the conjugate gradient
(CG) method after the geometric agglomerated algebraic multigrid
(GAMG) preconditioning. The tolerance of the linear equation system
solvers is set at 10−6.

2.3. Computational domain

The (hypothetical) urban surface in this study is fabricated by an 3D
rray of idealized buildings whose plan area density 𝛬𝑝 is equal to 25%.
hese identical rectangular blocks, whose dimensions are 𝑊 (= 160 m)

n width and 𝐻 (= 80 m) in height, are arranged in a staggered pattern.
he computational domain sizes 𝐿𝑥 (= 40𝑊 = 6400 m), 𝐿𝑦 (= 40𝑊 =
400 m), and 𝐿𝑧 (= 25𝐻 = 2000 m) in the streamwise 𝑥, spanwise 𝑦,
nd vertical 𝑧 directions, respectively (Fig. 1).

Meshes are stretched to balance the modeling accuracy and compu-
ational expense. The finest resolution (𝛥𝑥 = 𝛥𝑦 = 10 m and 𝛥𝑧 = 5 m)
s employed in the bottom near-ground region (𝑧 < 160 m) in which
ach building edge is discretized into at least 16 FV cells to capture the
mall-scale turbulence [48]. Thereover in the transitional zone (160 m
𝑧 < 240 m), the vertical cell size increases gradually from 𝛥𝑧 = 5 m

o 𝛥𝑧 = 10 m over 12 layers. In the CBL core (240 m ≤ 𝑧 < 800 m),
ubic FV cells with 𝛥𝑥𝑖 = 10 m are used. The spatial resolution further
elaxes to 𝛥𝑥𝑖 = 20 m (800 m ≤ 𝑧 < 1200 m) and 𝛥𝑥𝑖 = 40 m (1200 m
𝑧 < 2000 m) in the inversion layer. The number of FV cells is about

2 million.
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Table 1
Parameters adopted in the current urban CBL LESs. The mean streamwise velocity 𝑈ℎ

𝑥 is prescribed at 𝑧 = 400 m and the
(surface) vertical potential temperature flux 𝜎𝑤 is prescribed on the rooftops and ground surfaces. The atmospheric stability is
measured by the dimensionless length 𝜁 (= −𝑧𝑖∕𝐿). Here, 𝑧𝑖 is the CBL thickness, 𝐿 (= −𝑢3∗𝛩0∕𝜅𝜎𝑤|𝑔3|) the Obukhov length,
𝛩0 (= 300 K) the reference potential temperature, 𝜅 (= 0.4) the von Kármán constant, 𝑢∗ (=

√

⟨−𝑢′𝑤′
⟩𝑧∕𝐻=1 ) the friction

velocity, 𝑤∗ (=
(

|𝑔3|𝜎𝑤𝑧𝑖∕𝛩0
)1∕3) the convective velocity scale, and 𝑤𝑚 (=

(

𝑤3
∗ + 5𝑢3∗

)1∕3) the combined shear and buoyancy
scaling velocity [54]. Convection levels are classified using 𝜁 . Here, 𝜁 = 0 denotes neutral; 0 < 𝜁 ≤ 1 weak convection with shear
dominance (|𝐿| > 𝑧𝑖); 1 < 𝜁 ≤ 10 moderate convection with collective influence from shear and buoyancy (𝑧𝑖∕10 ≤ |𝐿| ≤ 𝑧𝑖);
together with 𝜁 > 10 strong convection with buoyancy prevalence (|𝐿| < 𝑧𝑖∕10).
Case 𝑈ℎ

𝑥 𝜎𝑤 𝜁 𝑢∗ 𝑤∗ 𝑤𝑚 Convection
No. (m s−1) (K m s−1) = −𝑧𝑖∕𝐿 (m s−1) (m s−1) (m s−1) level

1 8.0 0.00 0.00 0.88 0.00 1.51 Neutral

2 8.0 0.02 0.29 0.97 0.87 1.73
Weak3 8.0 0.05 0.57 1.05 1.18 1.95

4 8.0 0.10 0.93 1.12 1.48 2.17

5 6.0 0.15 2.03 0.99 1.70 2.14
Moderate6 4.0 0.15 4.23 0.77 1.70 1.93

7 3.0 0.15 6.93 0.66 1.70 1.85

8 2.0 0.15 13.49 0.53 1.70 1.78 Strong9 1.0 0.15 48.31 0.34 1.70 1.72
o

2.4. Boundary and initial conditions

Periodic boundary conditions (BCs) are enforced to the horizontal
extent. The domain top employs a slip velocity BC. No-slip velocity BCs
are utilized on wall surfaces. To model unresolved near-wall turbulent
processes, the Monin-Obukhov Similarity Theory (MOST) in neutral
condition is employed as the wall function in which the surface rough-
ness length is set at 0.1 m [28,49]. Unstable stratification is achieved
by prescribing a constant vertical potential temperature flux 𝜎𝑤 on both
the rooftops and ground surfaces. It ensures uniform surface heating
across horizontal extents, mitigating the potential effects from surface
thermal heterogeneity [50]. The range of 𝜎𝑤 adopted (Table 1) is
epresentative of the typical observation on Earth that falls within its
ansas-experiment counterpart [51]. To prevent from any (unintended)
eat exchange, zero-gradient BCs of potential temperature are applied
o the ground, the lateral building façades, and the domain top. Other
ariables on the walls and the domain top adhere to zero-gradient BCs.

Initially, a constant (resolved-scale) potential temperature 𝜃||
|𝑡=0

=

0 is prescribed from the ground up to 𝑧 = 1000 m. An inversion
ayer with a constant lapse rate 𝛤0 (= 0.05 K m−1) is followed atop.

It undergoes artificial warming for offsetting the thermal erosion so as
to ensure a rather constant ABL thickness 𝑧𝑖 (= 1000 m) throughout
the time integration [52]. Moreover, a sponge layer is assigned to the
upper domain (𝑧 ≥ 1600 m) to suppress gravity waves.

First of all, the LESs are integrated in time for 20,000 s to achieve
statistically stationary states. The output data are then archived for
another 20,000 s for post-processing. To mitigate the continuously ris-
ing potential temperature during data acquisition (due to the imposed
surface heating and absence of heat removal mechanism), a linear de-
trending technique is applied to the calculation of fluctuating potential
temperature [53]. The model validation and turbulence statistics were
reported elsewhere [52]. The key parameters employed in the current
LESs are summarized in Table 1.

To collect the representative time-series data, three types of vertical
profiles are probed in the computational domain. Vertical profiles P1
and P2 are probed at 𝑥 = 𝑊 (downstream) and 𝑥 = −𝑊 (upstream),
respectively, measuring from the center of the roughness elements.
Besides, four vertical 𝑥-𝑧 planes are inserted evenly in the spanwise
direction at 𝑦∕𝐿𝑦 = 0.25, 0.50, 0.75, and 1.00 (Fig. 2). The 𝑥-𝑧 probing
planes are aligned with the vertical 𝑥-𝑧 symmetry planes of the under-
lying roughness elements. The LES output data on these profiles and
planes are collected at a constant time interval 𝛥𝑡 = 0.2 s to capture
the dynamics in a transient manner.
4

3. Analytical approach

3.1. Amplitude modulation

AM coefficient [18] is employed to investigate the impact of large-
scale CBL structures on small-scale turbulent flows. The time-series data
are partitioned into large-scale (denoted by subscript 𝐿) and small-
scale (denoted by subscript 𝑆) components. The Taylor hypothesis of
frozen turbulence is used to transform time-domain data (frequency
𝑓 ) to spatial-domain data (wavenumber 𝑘𝑥 and wavelength 𝜆𝑥). The
magnitude of local mean streamwise velocity

⟨

|𝑢𝑥|
⟩

𝑡 is employed as the
convection velocity. Accordingly, the wavenumber and wavelength are
defined as 𝑘𝑥 = 2𝜋𝑓∕

⟨

|𝑢𝑥|
⟩

𝑡 and 𝜆𝑥 =
⟨

|𝑢𝑥|
⟩

𝑡 ∕𝑓 , respectively, where
⟨𝜉⟩𝑡 represents the temporal average. This approach differs from previ-
us research that employed

⟨

𝑢𝑥
⟩

𝑡 or Lagrangian approach in selecting
the convection velocity [55,56]. The turbulent motion scales are thus
more accurately evaluated, especially within the primary recirculation
where reverse flows or nearly zero temporal mean velocities often
occur [57]. Any given signal 𝜒 is decomposed into large-scale 𝜒𝐿 (𝜆𝑥 >
𝜆𝐿𝑐 ; where 𝜆𝐿𝑐 is the large-scale cutoff wavelength) and small-scale 𝜒𝑆
(𝜆𝑥 < 𝜆𝑆𝑐 ; where 𝜆𝑆𝑐 is the small-scale cutoff wavelength) signals with
a Fourier cutoff filter, ensuring distinct energy content in each scale
without overlap. Section 4.1 discusses the appropriate 𝜆𝐿𝑐 setting whose
variation is beyond the scope of this study. Other than Section 4.7, in
which building-scale AM (𝜆𝑥 ∼ 𝑊 ) is focused, 𝜆𝐿𝑐 = 𝜆𝑆𝑐 is adopted
[18,24].

The Hilbert transform [58] is adopted to obtain the envelope of
small-scale fluctuation 𝐸(𝜓 ′

𝑆 ), where the prime ′ denotes the deviation
from the temporal mean. This envelope not only reflects the modulation
from large-scale signals but also the minor variations from small-scale
ones. To extract the large-scale modulation from small-scale variation,
the envelope is subjected to a high-pass filter at the cutoff wavelength
𝜆𝐿𝑐 . A filtered envelope 𝐸𝐿(𝜓 ′

𝑆 ) is yielded that exclusively represents the
modulation of small-scale fluctuations by the large-scale signals.

The modulation is measured by the correlation coefficient between
the large-scale modulating signal 𝜑𝐿 and the large-scale envelope
𝐸𝐿(𝜓 ′

𝑆 ) of the small-scale carrier signal 𝜓𝑆

𝑅𝜑𝐿 ,𝜓𝑆
(

𝑥𝑖, 𝛥𝑡
)

=

⎧

⎪

⎪

⎨

⎪

⎪

⎩

⟨

𝜑′
𝐿
(

𝑥𝑖, 𝑡
)

× 𝐸′
𝐿
(

𝜓 ′
𝑆
(

𝑥𝑖, 𝑡 − 𝛥𝑡
))⟩

√

⟨

𝜑′
𝐿
2 (𝑥𝑖, 𝑡

)

⟩

√

⟨

𝐸′
𝐿
2 (𝜓 ′

𝑆
(

𝑥𝑖, 𝑡 − 𝛥𝑡
))

⟩

⎫

⎪

⎪

⎬

⎪

⎪

⎭R

. (5)

Here, the angle brackets ⟨𝜉⟩ and the curly brackets {𝜉}R denote the
ensemble average and the averaging over repeating units, respectively.
As such, the AM coefficient is reduced to 𝑅 𝑧, 𝛥𝑡 along the
𝜑𝐿 ,𝜓𝑆 ( )
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Fig. 2. (a) Plan and (b) elevation views of the array of roughness elements together with the probe locations of vertical profiles P1 and P2.
profiles P1 and P2. Similarly, on the vertical 𝑥-𝑧 sample plane, it is
reduced to 𝑅𝜑𝐿 ,𝜓𝑆 (𝑥, 𝑧, 𝛥𝑡). The time lag 𝛥𝑡 is included to analyze the
phase information of AM. A non-zero 𝛥𝑡 indicates either the large-scale
modulating signal 𝜑𝐿 leads (𝛥𝑡 < 0 s) or lags (𝛥𝑡 > 0 s) the small-scale
carrier signal 𝜓𝑆 . This paper primarily discusses 𝛥𝑡 = 0 s. The analysis
of non-zero 𝛥𝑡 is confined to Section 4.8 that specifically addresses the
phase relationship between modulating and carrier signals in different
ABL stability.

In this study, we consider both large-scale streamwise 𝑢𝐿 and ver-
tical 𝑤𝐿 velocities as potential modulating signals for calculating the
AM coefficient. Previous studies have shown that these two components
can modulate small-scale turbulence in unstable ABLs [24,39]. The
small-scale velocity components (𝑢𝑆 , 𝑣𝑆 , 𝑤𝑆 ), potential temperature
(𝜃𝑆 ), vertical momentum flux ((𝑢′𝑤′)𝑆 , denoted as 𝑢𝑤𝑆 ), and heat
flux ((𝑤′𝜃′)𝑆 , denoted as 𝑤𝜃𝑆 ) are considered carrier signals. They are
crucial for the land-surface parameterization in NWP models [59].

Statistically, a positive AM coefficient suggests that large-scale ac-
celerating (or upward) flows have a more pronounced impact on small-
scale turbulence generation. Otherwise, their decelerating (or down-
ward) counterparts have a more pronounced impact on small-scale
turbulence suppression. This study focuses on single-point modula-
tion that is reliable for AM estimate in both isothermal and buoyant
flows [18,24].

To assess the cumulative impact of large-scale modulation on
canopy-level (the combination of UCL and RSL) turbulence from the
probes P1 and P2, an integrated AM coefficient

R𝜑𝐿 ,𝜓𝑆 = 1
𝑧RSL ∫

𝑧RSL

0
𝑅𝜑𝐿 ,𝜓𝑆 (𝑧, 𝛥𝑡 = 0) 𝑑𝑧 (6)

is introduced. Here, the RSL height is set at 𝑧RSL = 1.5𝐻 which is widely
recognized in literature [34,35].

3.2. Scale-decomposed skewness

To investigate the multi-scale interactions among different scales,
the scale-decomposed skewness of full-scale streamwise 𝑢

𝑢′3 =

⟨

𝑢′3
⟩

⟨

𝑢′2
⟩3∕2

=

⟨

(

𝑢′𝐿 + 𝑢′𝑆
)3
⟩

⟨ ′2
⟩3∕2
5

𝑢

=

⟨

𝑢′3𝐿
⟩

⟨

𝑢′2
⟩3∕2

+ 3

⟨

𝑢′𝐿𝑢
′2
𝑆

⟩

⟨

𝑢′2
⟩3∕2

+ 3

⟨

𝑢′𝑆𝑢
′2
𝐿

⟩

⟨

𝑢′2
⟩3∕2

+

⟨

𝑢′3𝑆
⟩

⟨

𝑢′2
⟩3∕2

= 𝑢′3𝐿 + 3𝑢′𝐿𝑢
′2
𝑆 + 3𝑢′𝑆𝑢

′2
𝐿 + 𝑢′3𝑆 (7)

and vertical 𝑤

𝑤′3 =

⟨

𝑤′3
⟩

⟨

𝑤′2
⟩3∕2

=

⟨

(

𝑤′
𝐿 +𝑤′

𝑆
)3
⟩

⟨

𝑤′2
⟩3∕2

=

⟨

𝑤′3
𝐿

⟩

⟨

𝑤′2
⟩3∕2

+ 3

⟨

𝑤′
𝐿𝑤

′2
𝑆

⟩

⟨

𝑤′2
⟩3∕2

+ 3

⟨

𝑤′
𝑆𝑤

′2
𝐿

⟩

⟨

𝑤′2
⟩3∕2

+

⟨

𝑤′3
𝑆

⟩

⟨

𝑤′2
⟩3∕2

= 𝑤′3
𝐿 + 3𝑤′

𝐿𝑤
′2
𝑆 + 3𝑤′

𝑆𝑤
′2
𝐿 +𝑤′3

𝑆 (8)

velocities are studied [60]. The cross-scale terms 𝑢′𝐿𝑢
′2
𝑆 and 𝑤′

𝐿𝑤
′2
𝑆

signify the influence of large-scale signals on small-scale turbulence
intensities. Likewise, 𝑢′𝑆𝑢

′2
𝐿 and 𝑤′

𝑆𝑤
′2
𝐿 reflect the influence of small-

scale signals on large-scale turbulence intensities. Previous research
primarily focused on the scale-decomposed skewness of 𝑢, revealing a
notable connection between 𝑢′𝐿𝑢

′2
𝑆 and the AM coefficient 𝑅𝑢𝐿 ,𝑢𝑆 [30].

Their relationship was also derived theoretically that is applicable to
any stationary signals [31]. Likewise, 𝑤′

𝐿𝑤
′2
𝑆 is considered indicative of

the potential modulation by large-scale vertical velocity in this study.

3.3. Wavelet analysis

Wavelet analysis is employed in this study to detect the small-scale
turbulence excitation embedded in a broad spectrum. It enables the
breakdown of signals into their respective time and frequency com-
ponents to identify the predominant modes along with their temporal
behavior. Such capability renders wavelet analysis an ideal tool for in-
vestigating coherent structures which are non-stationary, intermittent,
or non-Gaussian [61,62].

The wavelet coefficient

𝑇𝑤(𝑡, 𝑡𝑠) = ∫

+∞

−∞
𝜒 (𝜂)𝛹∗

(

𝜂 − 𝑡
𝑡𝑠

)

𝑑𝜂 (9)

is calculated by convoluting a time series 𝜒 (𝑡) with the scaled mother
wavelet 𝛹 where the asterisk ∗ denotes the complex conjugate [61].
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Fig. 3. Horizontal slices of instantaneous velocity fluctuations 𝑢′𝑖 normalized by the combined shear and buoyancy scaling velocity 𝑤𝑚: (a), (c) streamwise velocity fluctuation 𝑢′

at 𝜁 = 0.57 (weak convection) and (b), (d) vertical velocity fluctuation 𝑤′ at 𝜁 = 48.31 (strong convection). Two heights are considered: (a), (b) within mixed layers at 𝑧∕𝑧𝑖 = 0.4
(𝑧∕𝐻 = 5) and (c), (d) within urban canopy layers at 𝑧∕𝑧𝑖 = 0.06 (𝑧∕𝐻 = 0.75).
The time-scale parameter 𝑡𝑠 stretches or compresses the wavelet scale
while the displacement parameter 𝑡 shifts the wavelet along the time
axis. The complex Morlet wavelet

𝛹
(

𝜂 − 𝑡
𝑡𝑠

)

= 𝑒𝑖𝜔0(𝜂−𝑡)∕𝑡𝑠𝑒−
1
2 ×|(𝜂−𝑡)∕𝑡𝑠|

2
(10)

is selected as the mother wavelet because of its superior frequency reso-
lution. The dimensionless frequency 𝜔0 is kept at 6, balancing the trade-
off between time and frequency localization [24]. The (time-localized)
wavelet PSD [61]

𝛷𝑤(𝑡, 𝑡𝑠) =
|

|

|

𝑇𝑤
(

𝑡, 𝑡𝑠
)

|

|

|

2

𝑡𝑠
. (11)

is calculated to compare the fluctuation intensity with various scales 𝑡𝑠
at specific time 𝑡.

4. Result and discussion

4.1. Flow characteristics

Fig. 3 contrasts the influence of CBL structures on UCL (𝑧∕𝐻 <
1; [63]) flows calculated by the LESs. In weak convection (𝜁 = 0.57),
convective rolls are observed within the CBL core (Fig. 3a). They are
characterized by streamwise-elongated deceleration (intense updraft)
and widespread acceleration (weak downdraft). In contrast, strong
convection (𝜁 = 48.31) leads to the formation of narrow, plume-
like updraft and compensatory downdraft in the CBL (Fig. 3b) whose
distortion by prevailing winds is minimal.
6

The UCL flows at the ABL bottom (Fig. 3c and d), for instance, the
strong acceleration or updraft, are modified significantly by the CBL
core structures (Fig. 3a and b) that is evidenced by their alike flow
patterns. However, the presence of explicitly resolved roughness ele-
ments distorts these imprints, partitioning them into smaller segments,
producing small-scale turbulent flows compared with the (large-scale)
ones in the mixed layers. Notably, the wakes after buildings, which
are characterized by reversing flows adjacent to leeward walls, are
prominent under shear-dominant conditions.

Different from previous studies [24,34,36], immersing roughness
elements in unstable ABLs complicates the selection of filter length
in this study. The premultiplied PSDs of the streamwise and vertical
velocities of two cases of urban CBLs are compared in Fig. 4. Appar-
ently, large-scale convective rolls and plume-like structures occur in
the weak convection (𝜁 = 0.57) and the strong convection (𝜁 = 48.31),
respectively.

Given the aerodynamic effect of roughness elements was modeled
in (previous) canonical TBLs, two prominent peaks are evident in
the premultiplied PSD of streamwise velocity fluctuation 𝑢′ [18]. The
inner and outer peaks are separated discernibly in the logarithmic
region [24]. Once the roughness elements are resolved explicitly, on
the contrary, the energy varies continuously in the spectral space in the
wall-normal distance [64], blurring the (distinct) outer peak (Fig. 4a).

Evidently, small-scale turbulence is mainly induced by buildings at
the canopy level. The streamwise velocity premultiplied PSD in weak
convection (𝜁 = 0.57) is concentrated around wavelength 𝜆𝑥 = 𝑊
which is (much) shorter than 𝑧𝑖 (Fig. 4a). These findings align with
the well-established notion that the sizes of buildings and eddies are
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Fig. 4. Shaded-contours of the premultiplied PSD for (a) streamwise 𝑘𝑥𝜙𝑢∕𝑤2
𝑚 at 𝜁 = 0.57 (weak convection) and (b) vertical 𝑘𝑥𝜙𝑤∕𝑤2

𝑚 at 𝜁 = 48.31 (strong convection) velocity
fluctuations measured along profile P2.
Fig. 5. Total and scale-decomposed skewness of (a) streamwise 𝑢 at 𝜁 = 0.57 (weak convection) and (b) vertical 𝑤 at 𝜁 = 48.31 (strong convection) velocities measured along
profile P2.
comparable within UCLs [65]. In contrast, in the mixed layer aloft
(𝑧∕𝐻 > 1.5), the streamwise velocity fluctuation 𝑢′ is notably affected
by the elongated convective rolls. Hence, most of the energy resides at
wavelength 𝜆𝑥 exceeding 𝑧𝑖.

Although the size of UCL vertical velocity fluctuation 𝑤′ is shorter
than the inversion height 𝑧𝑖, thermal plumes tend to accumulate energy
at a longer wavelength 𝜆𝑥 in the strongly unstable mixed layer (𝜁 =
48.31; Fig. 4b). This demarcation by 𝑧𝑖 distinguishes (small-scale) UCL
turbulence from (large-scale) CBL structures. It holds under both shear
(𝜁 = 0.57) and buoyancy (𝜁 = 48.31) dominant conditions (Fig. 4). In
line with previous studies [24,34,36], 𝜆𝐿𝑐 = 𝑧𝑖 is an appropriate cutoff
wavelength being adopted in this study.

4.2. Scale-decomposed skewness

To examine the modulation of small-scale turbulence by 𝑢𝐿 and 𝑤𝐿
together with the coherent structures in urban CBLs, the total and scale-
decomposed skewness of velocities (RHS of Eqs. (7) and (8)) in the
wall-normal direction are plotted (Fig. 5). Unless in the proximity of the
ground surface, secondary flow is barely induced upstream a roughness
element [34]. The plan area density 𝛬𝑝 of the current configuration
equals 25% so UCL secondary flows are insignificant. The results along
the profile P2 are therefore adopted to display the AM in urban CBLs.

In the shear-dominant regime 𝜁 = 0.57 (Fig. 5a), the large-scale
streamwise velocity fluctuation 𝑢′𝐿 contributes most to the skewness
𝑢′3 in the mixed layers where convective rolls prevail [20,52]. These
7

roll-type CBL structures also leave footprints as indicated by 𝑢′3𝐿 in the
UCL which is comparable to its small-scale counterpart 𝑢′3𝑆 . In contrast,
𝑢′3𝑆 is negligible unless in UCLs where eddies are fragmented into
smaller ones during their passage through [66]. The scale-interaction
term 3𝑢′𝐿𝑢

′2
𝑆 emerges as a crucial component in the UCLs that re-

mains non-negligible in the mixed layer. It in turn exemplifies the
AM of small-scale streamwise turbulence intensity 𝑢′2𝑆 by large-scale
convective rolls 𝑢′𝐿.

Thermal plumes in the buoyancy-dominant regime 𝜁 = 48.31, which
are driven by the vertical flows, are the major modulators in both
UCLs and mixed layers. Obviously, the scale-interaction term 3𝑤′

𝐿𝑤
′2
𝑆

is the primary contributor to the total skewness of vertical velocity
𝑤′3 (Fig. 5b), illustrating the uplifting of small-scale vertical turbulence
intensity 𝑤′2

𝑆 (by large-scale buoyancy-induced vertical flows 𝑤′
𝐿). The

notable contributions from the cross-scale terms 3𝑢′𝐿𝑢
′2
𝑆 (Fig. 5a) and

3𝑤′
𝐿𝑤

′2
𝑆 (Fig. 5b) affirm the potential modulation by 𝑢′𝐿 and 𝑤′

𝐿 in urban
CBLs, paving the way for further exploration of scale interactions based
on AM coefficient (Eq. (5)).

4.3. Stability dependence of AM coefficients

Fig. 6 displays the vertical variation of the AM coefficients 𝑅𝑢𝐿 ,𝑢𝑆
and 𝑅𝑤𝐿 ,𝑢𝑆 in different atmospheric stability that exclusively exam-
ines 𝑢′𝑆 as the carrier signal. In the neutral case 𝜁 = 0.00, 𝑅𝑢𝐿 ,𝑢𝑆 is
positive at the canopy level that is peaked at the UCL top (maximum
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Fig. 6. Vertical profiles of amplitude modulation coefficients: (a) 𝑅𝑢𝐿 ,𝑢𝑆 and (b) 𝑅𝑤𝐿 ,𝑢𝑆
measured along profile P2 under various stability conditions. The vertical dashed line
denotes the zero-discriminant line.

𝑅𝑢𝐿 ,𝑢𝑆 is around 0.5). Hence, the large-scale accelerating (decelerating)
streamwise flows are prone to excite (quieten) small-scale streamwise
turbulence in the UCLs. These findings align with those in previous
studies of isothermal TBLs over urban-like rough surfaces, demonstrat-
ing the substantial influence of large-scale coherent structures [34,36,
37]. Over the UCL, 𝑅𝑢𝐿 ,𝑢𝑆 declines with increasing elevation, zero-
crossing at the lowest level of the mixed layers (𝑧∕𝑧𝑖 = 0.2). Thereover,
the large-scale decelerating (accelerating) flows primarily stimulate
(quell) the small-scale streamwise turbulence locally, consistent with
those in canonical TBL scenarios [18].

Once unstable convection is applied, 𝑅𝑢𝐿 ,𝑢𝑆 decreases near the
UCLs. Moreover, the zero-crossing descends with increasing 𝜁 (more
unstable) so the AM is weakened. This pattern could be attributed to
the enhanced buoyancy in UCLs and the TKE production in stronger
convection [25].

Interestingly, 𝑅𝑢𝐿 ,𝑢𝑆 is more negative in the mixed layers when the
ABL is switched from neutral (𝜁 = 0.00) to moderately unstable (𝜁 =
2.03). It is in turn suggested that, in the outer layers, the influence of
large-scale, decelerating flows on small-scale turbulence is augmented
in buoyancy-induced updrafts. Although the modulation of 𝑢𝑆 by 𝑢𝐿
was reported monotonically diminishing across the CBLs with increas-
ing 𝜁 elsewhere [24], the aforementioned discrepancy could stem from
the transition of large-scale coherent structures in response to thermals.
Notably, the least convective condition in Salesky and Anderson [24]
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was 𝜁 = 3.1 that surpassed the peaked coherence of convective rolls
(maximum coherence state at 𝜁 = 1.08) reported in literature [20].

Conversely, this study covers the CBL stability under which convec-
tive rolls are initiated, attaining maximum coherence. These conditions
align with the scenarios where |

|

|

𝑅𝑢𝐿 ,𝑢𝑆
|

|

|

monotonically increases with

increasing 𝜁 in the mixed layers. Specifically, as 𝜁 rises from 2.03 (mod-
erate convection), convective rolls transition to less coherent, patch-like
structures [26] and |𝑅𝑢𝐿 ,𝑢𝑆 | declines [24]. This observation signifies
the importance of transitions of coherent structures to CBL large-scale
modulation. From a statistical perspective, the negative 𝑢′𝐿 (decelera-
tion) within convective rolls arouses small-scale streamwise turbulence
in CBL cores. On the contrary, its positive counterpart (acceleration)
inhibits such scale interaction. This characteristic modulation is most
pronounced when the convective rolls are at their peaked coherence.

In neutral stability (𝜁 = 0.00), 𝑅𝑤𝐿 ,𝑢𝑆 is negative within the UCLs
whose magnitude is slightly less than that of 𝑅𝑢𝐿 ,𝑢𝑆 . Hence, large-scale
downdrafts excite small-scale UCL flows, and vice versa. The role of
𝑤𝐿 has been overlooked in previous isothermal studies [34,36,37]. In
fact, the modulation of 𝑢𝑆 by 𝑤𝐿 could be attributed to the tight, neg-
ative correlation between the streamwise 𝑢 and vertical 𝑤 flows [52].
This study further diagnoses the processes, unveiling the momentum
transport mechanism in a multi-scale manner.

In the mixed layers, 𝑅𝑤𝐿 ,𝑢𝑆 increases monotonically with increasing
𝜁 (more unstable). The buoyancy-induced, large-scale updrafts (down-
drafts) 𝑤′

𝐿 enhance (suppress) small-scale streamwise fluctuations 𝑢′𝑆 in
CBL cores [24]. This could be interpreted as the results of the enhanced
buoyancy-driven thermals which are originated from the hot ground
surfaces. An intriguing transition in 𝑅𝑤𝐿 ,𝑢𝑆 is observed with varying 𝜁 :
it switches from negative to positive when the ABL is evolving from
neutral to convective. The negative AM coefficient 𝑅𝑤𝐿 ,𝑢𝑆 in neutral
and weak convection implies that the downdrafts within streaks or
convective rolls predominantly trigger streamwise turbulence. With
increasing 𝜁 (more unstable), on the contrary, UCL small-scale turbu-
lence excitation (suppression) are predominantly driven by large-scale
updrafts (downdrafts), mirroring the processes observed in CBL cores.

The results above underscore the pivotal role of large-scale CBL
coherent structures, particularly their stability-dependent transitions
from streaks (neutral) to convective rolls (weak convection), and ther-
mal plumes (strong convection), influencing turbulent UCL processes.
Furthermore, the current findings are consistent with those of prior
research focusing on vertical momentum fluxes using conditional statis-
tics [52], lending additional credence to our anaylsis.

4.4. Wavelet analysis

Juxtaposing the time series of large-scale variables 𝜑𝐿 with the pre-
multiplied wavelet PSD depicts the intuitive AM phenomena (Fig. 7).
They are the P2-profile data sampled at 𝑧∕𝐻 = 0.75 that represent the
UCL processes. The onset of energetic, small-scale streamwise turbu-
lence is evidenced by the pronounced brightness with shorter wave-
length 𝜆𝑥 in the PSD shaded contours.

In weak convection (𝜁 = 0.57; Fig. 7a), where convective rolls exist,
a notable correlation emerges among strong small-scale streamwise ve-
locity fluctuations 𝑢′𝑆 , large-scale downdrafts (𝑤′

𝐿 < 0), and concurrent
accelerations (𝑢′𝐿 > 0). Along with the spectral peaks at small-scale
streamwise velocity fluctuation 𝑓𝛷𝑤∕

√

⟨

𝑢′2
⟩

, intense, large-scale en-
velope of small-scale streamwise turbulence 𝐸′

𝐿
(

𝑢′𝑆
)

coincides with
the large-scale events 𝑢′𝐿 and 𝑤′

𝐿 (at dimensionless time 𝑡 × 𝑤𝑚∕𝑧𝑖 ≈
31.2, 33.0, and 35.2, then again from 37.8 to 38.4; orange arrows),
suggesting the multi-scale turbulence excitation. Their noticeable time
lags warrant elaboration in the subsequent sections.

In contrast, small-scale streamwise turbulence is clearly absent from
the time period 33 ≤ 𝑡×𝑤𝑚∕𝑧𝑖 ≤ 35 (orange band). In this interval, the
profile P2 is immersed in large-scale updrafts (𝑤′

𝐿 > 0) or decelerating
flows (𝑢′ < 0) where 𝐸 (𝑢′ ) falls below its mean. This finding is in line
𝐿 𝐿 𝑆
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Fig. 7. Time series of the dimensionless large-scale streamwise 𝑢′𝐿 and vertical 𝑤′
𝐿 velocity fluctuations, the large-scale envelope of small-scale streamwise velocity fluctuation

𝐸′
𝐿(𝑢

′
𝑆 ), together with the dimensionless premultiplied wavelet PSD of the streamwise velocity fluctuation 𝑓𝛷𝑤∕

√

⟨𝑢′2⟩ (Eq. (11)) for (a) 𝜁 = 0.57 (weak convection) and (b) 𝜁 =
48.31 (strong convection). Profile P2 data are sampled at 𝑧∕𝐻 = 0.75. The orange markers in the scalogram refer to the instants mentioned in the text. The dotted line is the
zero-discriminant line.
with the AM analysis above. It substantiates that large-scale updrafts or
decelerations suppress the small-scale streamwise turbulence intensity
within UCLs.

In strong convection (𝜁 = 48.31; Fig. 7b), it is evident that large-
scale updrafts (𝑤′

𝐿 > 0) predominantly contribute to the streamwise
velocity fluctuation 𝑢′𝑆 . This is clearly illustrated by 𝐸′

𝐿(𝑢
′
𝑆 ) and the PSD

at 𝑡 × 𝑤𝑚∕𝑧𝑖 ≈ 4.1, 6.0, and 30.0 (orange arrows). Such findings align
with the positive AM coefficient 𝑅𝑤𝐿 ,𝑢𝑆 > 0 observed within the UCL
(Fig. 6b). Because of their nearly independent temporal evolution, the
correlation between 𝑢′𝐿 and 𝑤′

𝐿 is much weakened in strong convection
than that in weak convection. As a result, the large-scale updrafts
(𝑤′

𝐿 > 0) serve as the primary modulators. In contrast, no direct
correlation between 𝑢′𝐿 and 𝑢′𝑆 is discernible either from 𝐸′

𝐿(𝑢
′
𝑆 ) or the

wavelet PSD. The results from AM analysis are corroborated by wavelet
analysis, reinforcing the interaction between large-scale and small-scale
turbulence in urban CBLs.

4.5. Integrated AM coefficient

The dependence of integrated AM coefficients R𝑢𝐿 ,𝜓𝑆 and R𝑤𝐿 ,𝜓𝑆 on
ABL stability is illustrated (Fig. 8). Here, all small-scale carrier signals
𝜓𝑆 discussed in Section 2 are considered to explore the overall AM
within UCLs. It is observed that small-scale signals are influenced by
the large-scale velocities in the RSLs beneath 𝑧RSL. Their coupling is a
function of ABL stability.
9

Typically, R𝑢𝐿 ,𝜓𝑆 decreases with increasing 𝜁 (more unstable;
Fig. 8a) that is attributed to the collective effect of buoyancy and the
diminishing coherence of streamwise turbulence as elaborated above.
Notably, from neutral condition (𝜁 = 0.00) to moderate convection (𝜁
= 2.03), the correlation coefficients R𝑢𝐿 ,𝑢𝑤𝑆 and R𝑢𝐿 ,𝑤𝜃𝑆 exceed those
of their first-order counterparts R𝑢𝐿 ,𝑢𝑆 ,R𝑢𝐿 ,𝑤𝑆 ,R𝑢𝐿 ,𝜃𝑆 except R𝑢𝑆 ,𝑤𝜃𝑆
in neutral condition. This observation underscores the importance of
the modulation of vertical fluxes by large scales and the influence of
ABL stability. These key variables in land-surface parameterizations are
more profoundly influenced by large-scale CBL structures, whose roles,
however, are mostly neglected nowadays.

As reflected by R𝑤𝐿 ,𝜓𝑆 , the influence from large-scale vertical flows
progressively increases with increasing 𝜁 (more unstable; Fig. 8b). As
previously mentioned, beneath the RSL height 𝑧∕𝐻 ≤ 1.5, R𝑤𝐿 ,𝜓𝑆
switches from negative (shear dominance) to positive (buoyancy dom-
inance). The former suggests the roles of large-scale downdrafts which
are embedded in the elongated streaks or convective rolls, generat-
ing small-scale UCL turbulence. The latter suggests that the primary
modulators switch to buoyancy-induced updrafts/downdrafts in strong
convection. Compared with the momentum-related quantities, intense
fluctuations of small-scale potential temperature 𝜃′𝑆 and vertical heat
flux 𝑤𝜃𝑆 are more likely to be excited by plume-like updrafts.

The integrated AM coefficient R𝜑𝐿 ,𝜓𝑆 indicates a tight dependence
of UCL transport processes on ABL stability (Fig. 8). Traditionally,
large-scale streamwise velocity 𝑢𝐿 was considered a primary modulator
of near-surface turbulence in neutral UCLs [34,37] as well as a major
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Fig. 8. Dependence of the canopy-level-integrated amplitude modulation coefficients
on ABL stability at profile P2. (a) R𝑢𝐿 ,𝜓𝑆 and (b) R𝑤𝐿 ,𝜓𝑆 The horizontal dashed line
indicates the zero-discriminant line. For comparison purposes, the results in neutral
case 𝜁 = 0.00 are also depicted with a pseudo-non-zero stability parameter.

input for predictive models [38]. However, its role diminishes with
increasing 𝜁 (more unstable) in CBL. Hence, the theory developed in
neutral ABL must be interpreted cautiously in unstable ABL. Further
investigations are necessary.

The large-scale vertical velocity 𝑤𝐿 is also highlighted as a potential
modulating signal in this study. It exhibits a non-negligible modulation
level in both shear and buoyancy dominance. Specifically, switching
CBL structures from convective rolls to thermal plumes modifies the
(mechanism of) AM in urban CBLs as reflected by the stability de-
pendence of R𝑤𝐿 ,𝜓𝑆 . This transition, however, shifts the 𝑤𝐿-based AM
coefficient from negative to positive. Such zero-crossing would lead to
misconceptions about AM in moderate convection especially in those
regions where R𝑤𝐿 ,𝜓𝑆 ≈ 0. An approach employing both 𝑢𝐿 and
𝑤𝐿 is suggested instead for the development of predictive models in
non-isothermal flows.

4.6. Building wakes

Shaded contours of 𝑅𝜑𝐿 ,𝜓𝑆 (𝑥, 𝑧, 𝛥𝑡 = 0) are depicted to elucidate the
influence of individual buildings on the AM within UCLs (Fig. 9). They
are the ensemble average encompassing all the repeating units on all
the 𝑥-𝑧 sample planes. Specifically, 𝑅𝑢𝐿 ,𝑢𝑤𝑆 in weak convection (𝜁 =
0.57) and 𝑅𝑤𝐿 ,𝑢𝑤𝑆 in strong convection (𝜁 = 48.31) are depicted. Verti-
cal momentum flux 𝑢𝑤𝑆 is plotted as the carrier signal hereafter due to
the stronger susceptibility to modulation than its velocity components
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Fig. 9. Shaded contours of ensemble-averaged amplitude modulation coefficients (a)
𝑅𝑢𝐿 ,𝑢𝑤𝑆

at 𝜁 = 0.57 (weak convection) and (b) 𝑅𝑤𝐿 ,𝑢𝑤𝑆
at 𝜁 = 48.31 (strong convection)

on the vertical (𝑥-𝑧) symmetry plane of the roughness element (colored in gray). Also
shown are the time-averaged streamlines (arrows). The origin of the coordinate is reset
at the bottom center of the roughness element.

(Fig. 8). It also plays a crucial role in land-surface parameterization as
well as drag calculation.

Characteristic mean flow patterns around buildings are discernible
from the streamlines in both ABL stabilities. Frontal stagnation adja-
cent to the windward wall and the primary recirculation behind the
leeward wall are noticeable. A key distinction is the presence of a rear
vortex [67] which is only observed in strong convection (𝜁 = 48.31;
Fig. 9b) but not in weak convection (𝜁 = 0.57; Fig. 9a). It is attributed to
the different streamwise turbulence intensities 𝑢′𝑢′ in the approaching
flow [57] which is higher in weak convection [52].

Apart from the mean flows, distinctive behaviors are observed under
different stabilities. In weak convection (𝜁 = 0.57), 𝑅𝑢𝐿 ,𝑢𝑤𝑆 is peaked at
the roof-level shear layer. This peak highlights the top-down influence
of large-scale structures [15,23] on canopy-level small-scale turbulence
through their interactions with roughness elements.

Conversely, in strong convection (𝜁 = 48.31), plume-like updrafts
trigger small-scale UCL turbulence. The AM coefficient 𝑅𝑤𝐿 ,𝑢𝑤𝑆 thus
displays a more uniform spatial distribution. Unlike weak convection,
strong AM is absent from the shear layers. This observed homogeneity
is caused by the diminishing interactions between large-scale verti-
cal flows and roughness elements. Hence, it is a consequence of the
‘bottom-up’ mechanism in strong convection in which updrafts are
initiated by hot surfaces [23,68]. In this connection, plumes rise more
rapidly than horizontal displacement (𝑤∗ > 𝑈ℎ

𝑥 ), weakening their
interactions with roughness elements [52].

Regardless of the ABL stability, the AM coefficients 𝑅𝑢𝐿 ,𝑢𝑤𝑆 is nega-
tive in the recirculation on the building leeward side (Fig. 9). Besides,
the negative 𝑅𝑤𝐿 ,𝑢𝑤𝑆 above UCLs is attributed to the diminishing inter-
action between the rooftop flows and the hot plumes originating from
the heated ground surfaces. It was also highlighted elsewhere on the
impact of building-induced local flows by comparing the single-point
and two-point AM coefficients [34]. The current results demonstrate
the dominance of local dynamics under various ABL stabilities.

The influence of building-induced wakes on AM is elucidated by ex-
amining R𝜑𝐿 ,𝜓𝑆 at probe P1 within the primary recirculation (Fig. 10).
In contrast to those at probe P2 (Fig. 8), the AM coefficients at probe
P1 are generally smaller in magnitudes. Thus, the small-scale turbulent
processes in a building wake are less modulated by the large-scale ve-
locities. Moreover, compared with that at P2, the stability dependence
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Fig. 10. Dependence of the canopy-level-integrated amplitude modulation coefficients
on ABL stability at profile P1. (a) R𝑢𝐿 ,𝜓𝑆 and (b) R𝑤𝐿 ,𝜓𝑆 . The format is the same as
that in Fig. 8.

of R𝜑𝐿 ,𝜓𝑆 at P1 shows a less coupling that remains nearly constant
across most stability regimes. The influence of large-scale plumes on
small-scale turbulent processes is solely noticeable in spanwise velocity
or temperature-related variables (Fig. 10b). These observations reveal
the minor roles of large-scale CBL structures in the AM at probe P1,
signifying the predominance of local dynamics.

Comparing the AM coefficients at probes P1 and P2, the spatial
dependence of R𝜑𝐿 ,𝜓𝑆 suggests the importance of both the geometry
and heterogeneity of roughness elements. For example, skyscrapers
could induce elongated flow structures downstream [62]. Under this
circumstance, predictive models of UBLs should be employed cautiously
to assess small-scale dynamics based on outer-layer flows, especially if
the target areas are in close proximity to buildings.

4.7. AM on building-scale turbulence

While 𝜆𝐿𝑐 is kept at 𝑧𝑖, the influence of 𝜆𝑆𝑐 on R𝜑𝐿 ,𝜓𝑆 in weak (𝜁 =
0.57) and strong (𝜁 = 48.31) convections is depicted in Fig. 11. For
weak convection, decreasing 𝜆𝑆𝑐 from 𝑧𝑖 leads to increasing R𝑢𝐿 ,𝜓𝑆 . As
such, small-scale turbulent processes are more influenced by large-scale
structures in UCLs. This behavior aligns with the findings in near-
neutral ASLs above sand-grain roughness, where an almost constant
log-linear scaling precedes the peaked AM coefficient with diminishing
𝜆𝑆𝑐 [69]. In scenarios with explicitly resolved buildings, reducing 𝜆𝑆𝑐
beyond building width 𝑊 results in a scaling slope (𝑘 = −0.20)
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𝑠

steeper than that for 𝜆𝑆𝑐 > 𝑊 (𝑘𝑠 = −0.05; Fig. 11a). A compara-
ble trend is observed in R𝑤𝐿 ,𝜓𝑆 , albeit with less steep scaling slopes
(Fig. 11b). These results suggest a stronger modulation of building-
scale turbulent processes by convective rolls than that by other scales.
This assertion is further corroborated by the wavelet premultiplied
PSD (Fig. 7a) at 𝑡 × 𝑤𝑚∕𝑧𝑖 = 31.2, where building-scale streamwise
turbulence (𝜆𝑥 ≤ 𝑊 ) is mainly excited by large-scale accelerations.
In contrast, intermediate-scale turbulence (𝑊 < 𝜆𝑥 ≤ 𝑧𝑖) remains
relatively calm.

In spite of the minor effect on the full spectrum of small-scale
turbulence (𝜆𝑥 < 𝑧𝑖; Fig. 8a), notable interactions between resolved
roughness elements and patch-like streamwise motions in strong con-
vection are observed (Fig. 11b). The latter modulates the building-scale
turbulence as quantified by the increase in R𝑢𝐿 ,𝜓𝑆 with decreasing
𝜆𝑆𝑐 that reaches its maximum for 𝜆𝑆𝑐 < 𝑊 . In this context, accel-
erating and decelerating patches enhance and suppress, respectively,
building-scale turbulence. In contrast to weak convection (𝜁 = 0.57),
the scaling slope is less modified by resolved elements in strong con-
vection (𝜁 = 48.31). Moreover, the major decrease in R𝑤𝐿 ,𝜓𝑆 suggests
that the excitation (suppression) of building-scale turbulence is less
influenced by large-scale updrafts (downdrafts). Unlike their stream-
wise counterparts, these large-scale vertical structures tend to mod-
ulate intermediate-scale turbulence, rather than directly affecting the
building-scale dynamics.

In short, building-scale turbulence is more susceptible to the modu-
lation by large-scale (streamwise) motions in weak or strong convection
(Fig. 11). This finding underscores the role of CBL structures in wind-
building interactions and the necessity of including their influence on
land-surface parameterization of urban areas.

4.8. Phase relationship

The phase information of the AM coefficients are plotted in Fig. 12.
Here, the modulating signal is 𝑤𝐿 owing to its key role in UCL AM
in unstable ABL. Time-series data are collected at probe P2 within the
UCLs at 𝑧∕𝐻 = 0.75, making it an ideal site for applying predictive
models. The phase 𝛥𝑡±peak represents the time difference at which the
magnitude of 𝑅𝑤𝐿 ,𝑢𝑤𝑆 attains its maximum, and the superscript ±
indicates whether 𝛥𝑡 is positive (+; lags) or negative (−; leads).

In weak convection (𝜁 = 0.57), 𝑅𝑤𝐿 ,𝑢𝑤𝑆 (𝛥𝑡) reaches its negative
peak concurrently with 𝛥𝑡+peak. The large-scale envelope of the small-
scale signal 𝐸′

𝐿(𝑢𝑤𝑆 ) precedes the large-scale vertical flows 𝑤′
𝐿 in the

time domain (spatial leads). This phenomenon has been extensively ob-
served in neutral TBLs [61]. However, the underlying mechanisms are
yet elucidated so further investigation warrants. Our findings corrobo-
rate the existence of such phenomenon in the UCLs of weak convection.
Moreover, the organization of convective rolls merely impacts the
phase of the signal 𝛥𝑡+peak (Insert in Fig. 12).

The most striking result emerges in stronger convection (𝜁 ≥ 4.23).
Dual peaks are observed at 𝜁 = 4.23, distinguishing it markedly from
the weaker convection (𝜁 ≤ 2.03). Comparing the cases at 𝜁 = 2.03
and 𝜁 =4.23 (moderate convection), substantial differences manifest in
the following parameters: 𝛥𝑡+max, 𝑅𝑤𝐿 ,𝑢𝑤𝑆 (𝛥𝑡

+
max), and the streamwise

integral lengthscales 𝐿𝑢𝑢,𝑥 and 𝐿𝑤𝑤,𝑥 [52]. The latter is particularly
indicative of the disappearing convective rolls at 𝜁 = 4.23. These dis-
parities suggest that distinct mechanisms govern the peaks at their re-
spective 𝛥𝑡+max. Stronger convection leads to more pronounced changes
(𝜁 ≥ 6.93). Notably, 𝑅𝑤𝐿 ,𝑢𝑤𝑆 (𝛥𝑡

−
max) surges rapidly with increasing 𝜁 .

Its sign is consistent with that of 𝑅𝑤𝐿 ,𝑢𝑤𝑆 (𝛥𝑡 = 0) so buoyancy domi-
nates thermal plume development. Therefore, the primary distinction
between strong convection and shear-dominant conditions lies in the
phase difference between the signals. In such states, 𝑤𝐿 is characterized
by large-scale plumes that precede the small scales 𝐸′

𝐿(𝑢𝑤𝑆 ).
Our analysis demonstrates that ABL stability tightly influences the

phase difference in the AM within UCL. A pivotal observation is the



International Journal of Heat and Mass Transfer 229 (2024) 125706K. Zhou et al.
Fig. 11. Integrated AM coefficients R𝜑𝐿 ,𝜓𝑆 at point P2 plotted against the small-scale cutoff wavelength 𝜆𝑆𝑐 in weak (𝜁 = 0.57; (a) and (b)) and strong (𝜁 = 48.31; (c) and (d))
convection. (a) and (c): R𝑢𝐿 ,𝜓𝑆 ; (b) and (d): R𝑤𝐿 ,𝜓𝑆 . The blue dashed lines and texts in (a) and (b) approximate the slope scaling 𝑘𝑠 by assuming R𝜑𝐿 ,𝜓𝑆 ∼ 𝑘𝑠 ln

(

𝜆𝑆𝑐
)

.

Fig. 12. Amplitude modulation coefficients 𝑅𝑤𝐿 ,𝑢𝑤𝑆
(𝑧∕𝐻 = 0.75, 𝛥𝑡) plotted as functions

of dimensionless time lag 𝛥𝑡 × 𝑤𝑚∕𝑧𝑖 under different stability 𝜁 . The horizontal and
vertical dashed lines represent zero-discriminant lines. The insert enlarges 𝑅𝑤𝐿 ,𝑢𝑤𝑆

in
neutral and weak convection.

alteration in the sequence of leading signals over time. While a com-
prehensive investigation into the underlying physics of this reversal is
beyond the scope of this study, we hypothesize that this shift could be
associated with a transition in small-scale turbulence generation, evolv-
ing from a ‘‘top-down’’ (convective rolls) to a ‘‘bottom-up’’ (thermal
plumes) influence.

From a practical perspective, the impact of strong convection com-
plicates the application of predictive models to urban CBLs. It is vital
to preserve phase information during the calibration of two-point,
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data-driven predictive models, which are typically designed for neutral
UBLs [38]. This requirement is even more critical in strong convec-
tion. In such settings, the presence of thermal plumes requires more
stringent calibration criteria, including extended time intervals, to ad-
equately capture the AM. Recent advancements in resolvent analysis
offer promising analytical tools for predicting the phase difference
between large-scale structures and near-wall momentum fluxes [70],
as well as the roll-type coherence in shear-dominant CBLs [21]. Nev-
ertheless, the augmented non-linearity stemming from stronger con-
vection substantially alters UCL AM. Thus, it necessitates a cautious
approach and an extensive development for the application of analyti-
cal predictive models, especially the strong convection ones, in urban
CBLs,

5. Conclusion

In contemporary urban climatology research, comprehending the
interactions between ABL-scale coherent structures and urban-scale
turbulence is crucial. This study explores these multi-scale interactions
within urban CBLs using the single-point AM approach [18]. The time-
series dataset is the LESs conducted over an array of idealized urban
morphology. The ABL stability ranges from neutral (𝜁 = 0.00) to near-
free convective (𝜁 = 48.31) to contrast the dynamics attributed to
streamwise rolls and thermal plumes. The LESs calculate the flows
around explicitly resolved urban roughness elements to initiate small-
scale UCL turbulence in response to wind-building interaction. The key
findings of this study are depicted in a conceptual manner (Fig. 13) that
are delineated as follows:

• In canopy regions, large-scale accelerating flows incite intense,
small-scale turbulence intensities and fluxes, as indicated by the
positive 𝑅 . While the ABL is transitioning from neutral to
𝑢𝐿 ,𝜓𝑆
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Fig. 13. Conceptual schematic of the amplitude modulation (AM) phenomena in urban convective boundary layers (CBLs). Thin black lines denote the signals of small-scale
turbulent processes. The mixed layer and urban canopy layer are abbreviated to ML and UCL respectively. UCL signals are plotted over the rooftops for clarity.
strong convective, there exists a monotonic decrease in AM of
small-scale turbulence by large-scale streamwise velocity 𝑢𝐿. This
trend is attributed to the increased buoyancy and weakened
streamwise coherence in large-scale CBL structures.

• In urban CBLs, the AM of small scales by large-scale vertical veloc-
ity 𝑤𝐿 is more pronounced in the UCLs. This manifests differently
under varying stabilities: large-scale downdrafts intensify small-
scale turbulence in shear-dominant CBLs. Whilst, updrafts amplify
them in buoyancy-dominant conditions. This phenomenon is a
consequence of the transition of coherent structures from con-
vective rolls to thermal plumes when the CBL is evolving toward
stronger convection.

• We observe a non-monotonic trend in the AM of small scales
by large-scale streamwise velocities in the mixed layers of CBLs
in stronger convection. This observation implies that the organi-
zation and coherence of convective rolls would play key roles,
influencing the AM of small scales therein.

• Other than large-scale CBL structures, building-induced flows,
such as the primary recirculation in building wakes, dominate
the AM of small-scale turbulence adjacent to buildings. In shear-
dominant flows, the most pronounced AM from large-scale accel-
erations is found in the shear layers downstream buildings.

• The susceptibility of building-scale turbulence (𝜆𝑥 < 𝑊 ) to the
AM by large-scale (streamwise) flows is evident in both weak
(𝜁 = 0.57) and strong (𝜁 = 48.31) convection. A steeper scaling
slope 𝑘𝑠 of AM coefficients observed at bulding-scale wavelengths
indicates a more pronounced multi-scale interaction between CBL
structures and roughness elements.

• Unstable stability profoundly modifies the phase relationship
between large-scale vertical velocity 𝑤𝐿 and small-scale turbu-
lence within UCLs. Specifically, in strong convection, which is
characterized by pronounced large-scale updrafts within thermal
plumes, a leading phase relationship of 𝑤𝐿 is observed with
respect to the small-scale turbulence. This scenario contrasts
markedly with that observed in neutral and weak convection.

In summary, this study systematically investigates the AM in urban
CBLs based upon prior research that primarily focused on isothermal
UBLs [34,36,37] and canonical CBLs [26]. Beyond aligning with previ-
ous findings, this study enriches the understanding of urban climate by
elucidating the influence of large-scale structures on UCL dynamics.

The findings of this study also have significant practical implica-
tions. Recent advancements in the prediction of mean-wind-speed pro-
files in canonical settings, achieved by incorporating the effects of CBL
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coherent structures into the framework of the MOST, demonstrating
this potential [10]. Despite these advancements, the influence of ener-
getic CBL structures – which could induce spatiotemporal variability of
UCL turbulence and fluxes as reported here – remains underrepresented
in the land-surface parameterization of NWP models. Future research
could be benefited from addressing the multi-scale AM within UCL
models.

Furthermore, enhancing the performance of online NWP models
presents a promising avenue, particularly through the application of
predictive models that utilize outer-layer flow information to estimate
UCL momentum and heat fluxes. Our results highlight several critical
factors that should not be overlooked in model development and ap-
plication. These include the impacts of building-induced mean flows,
especially from high-rise structures, which can potentially undermine
model accuracy. Besides, the degree of ABL stability warrants con-
sideration in the implementation of predictive models because of the
multi-scale interaction of AM and phase relationship.

Future research should be formulated upon the multi-scale analysis
of turbulent flows, particularly through AM analysis, by transitioning to
real-world scenarios. One critical area involves evolving from idealized,
uniformly distributed to realistic, heterogeneously distributed surface
heating. Given surface thermal heterogeneities significantly influence
mean flows and transport processes in CBLs [50,71]. The effect of such
heterogeneities on AM has yet to be investigated. Additionally, realistic
urban morphologies, which are characterized by inhomogeneously dis-
tributed buildings of multi-scale geometries and complexity [36,72,73],
profoundly impact the dynamics of turbulent flows within and above
urban canopies. This influence subsequently alter large-scale, CBL mod-
ulation processes. Furthermore, the role of AM in stably stratified UBLs,
which are commonly observed over urban areas during nighttime [74],
presents a promising research direction. In stable atmospheric bound-
ary layers (SABLs), flow structures, such as low-level jets (LLJs) and
internal gravity waves, are prevalent [75]. Although recent studies
suggested a major reduction in AM within canonical SABLs [76], the
potential modulation of building-scale turbulence by large-scale flows
in stable conditions, alike their unstable counterparts, needs further
exploration. Thus, an in-depth understanding of these multi-scale in-
teractions remains a valuable, crucial frontier in turbulence research
and atmospheric sciences.
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