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ABSTRACT
Atmospheric gusts expose wall-bounded turbulence to severe unsteady forcing, triggering complex non-equilibrium dynamics and extreme 
aerodynamic loads. In this study, direct numerical simulations are performed to investigate the spatiotemporal modulation of turbulent 
structures and the triggering mechanisms of near-wall extreme events under Gaussian-type transient forcing. The results reveal that high- 
amplitude gusts inject energy primarily into the streamwise velocity component, inducing a pronounced non-equilibrium phase lag during 
turbulent energy redistribution. This process produces hysteresis in wall friction and extends the relaxation time. Spectral and continuous 
wavelet analyses demonstrate that intense gust forcing suppresses high-frequency random fluctuations and reorganizes turbulent kinetic 
energy into low-frequency coherent structures. The characteristic frequency of these energetic structures locks onto the gust driving fre
quency, with a relative deviation of only 2:4%. Furthermore, the occurrence probability of extreme near-wall events, including extreme pos
itive (EP) wall-shear-stress events and rare backflow (BF) events, increases by up to an order of magnitude under severe forcing. Using a 
two-step conditional averaging technique, we demonstrate that BF events are actively driven by intense, localized adverse pressure gradients 
and energetic ejections, which promote spanwise vortex roll-up in the buffer layer. By contrast, EP events are governed by energetic sweeps 
of high-speed fluid that compress intense spanwise vorticity into the immediate vicinity of the wall. These findings provide physical insights 
into non-equilibrium energy transfer and offer theoretical guidance for load alleviation and robust flow control of unmanned aerial vehicles 
operating in unsteady atmospheric environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0337822

I. INTRODUCTION
Unsteady flows in the atmospheric boundary layer (ABL) are 

characterized by multiscale vortical structures and intermittent fluctu
ations that pose challenges for various engineering applications.1,2 

Among atmospheric disturbances, gusts, which are defined as sudden, 
high-amplitude increases in wind speed followed by rapid decay, rep
resent a particularly severe threat.3 These transient events can degrade 
the aerodynamic performance, structural integrity, and control stabil
ity of aircraft and unmanned aerial vehicles (UAVs) operating in the 
lower atmosphere.4,5 Unlike continuous harmonic disturbances, iso
lated gusts impose impulsive external forcing on turbulent boundary 
layers. During a gust encounter, traditional quasi-steady aerodynamic 
assumptions frequently break down. The resulting rapid variations in 
the magnitude and direction of the incoming flow induce nonlinear, 

unsteady aerodynamic loads.6,7 Furthermore, such abrupt forcing can 
trigger flow separation, dynamic stall, and extreme wall-shear-stress 
fluctuations, thereby exacerbating structural fatigue and compromis
ing flight safety.8,9 Consequently, transient atmospheric disturbances 
disrupt the equilibrium state of wall-bounded turbulence and drive 
the flow into a non-equilibrium state. It is therefore essential to eluci
date the spatiotemporal evolution of turbulent coherent structures 
and the associated energy-transfer mechanisms under transient forc
ing. Such an understanding is a prerequisite for developing accurate 
predictive models10 and advanced flow-control strategies.

Canonical wall-bounded turbulence subjected to time-varying 
external forcing provides an idealized framework for isolating the 
physics underlying gust–flow interactions. In statistically steady wall- 
bounded flows, near-wall dynamics are characterized by low-speed 
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streaks and quasi-streamwise vortices.11–13 These coherent structures 
undergo a self-sustaining process (SSP) involving continuous genera
tion, breakdown, and regeneration.14–16 This structural organization 
extends from near-wall streak instabilities17 to larger-scale hairpin 
vortex packets18 and self-sustained motions in the outer layer.19,20 

These canonical structures govern turbulent kinetic energy (TKE) 
production and wall-normal momentum transport through distinct 
bursting events. The roles of ejections and sweeps in this process were 
first identified through flow-visualization studies21,22 and later 
through structural classifications.23 More recently, small-scale near- 
wall bursting events have been shown to be strongly modulated by 
large-scale structures.24 Under severe unsteady external forcing, how
ever, the classical equilibrium of the turbulent energy cascade can be 
disrupted, giving rise to complex, phase-dependent modulation across 
multiple spatiotemporal scales.

Extensive research on non-stationary wall-bounded turbulence 
has primarily focused on periodic pulsating flows and transient step 
changes. Early studies of transient pipe flows and accelerating bound
ary layers established a foundational understanding of unsteady 
turbulent modulation.25,26 Subsequent numerical simulations of pul
sating channel flows showed that the structural response of turbulence 
depends strongly on the frequency and amplitude of the imposed 
oscillation,27–29 and that appropriately tuned transient forcing can 
even lead to sustained turbulence suppression.30 A phase lag between 
the external forcing and the near-wall turbulent response is com
monly observed. This hysteresis is generally attributed to the finite 
relaxation time required for turbulent kinetic energy (TKE) to be 
redistributed from energetic large scales in the outer region to dissipa
tive scales near the wall.31 Despite these insights, realistic atmospheric 
gusts differ from continuous harmonic pulsations.3 Whereas har
monic forcing produces continuously recurring cyclostationary cycles, 
isolated atmospheric gusts impose high-amplitude transient perturba
tions that drive the boundary layer away from equilibrium. This 
process induces a pronounced memory effect during both the acceler
ation and relaxation phases.25,32,33 Consequently, the transient accu
mulation, spectral reorganization, and rapid release of turbulent 
energy induced by isolated gusts remain insufficiently understood.

A critical manifestation of this non-equilibrium energy transfer 
under strong modulation is the occurrence of near-wall extreme 
events. Recent high-fidelity direct numerical simulations (DNS) stud
ies have systematically characterized extreme wall-shear-stress 
events.20,34,35 Extreme positive (EP) wall-shear-stress events are local
ized phenomena associated with intense sweep (Q4) motions, in 
which high-speed fluid impinges on the wall.36,37 Conversely, back
flow (BF) events, characterized by negative streamwise wall-shear 
stress, represent localized flow reversals. Although extreme events are 
rare in canonical statistically steady turbulence (e.g., occurring with a 
probability of less than 0:1% at Res � 1000), they serve as key indica
tors of flow intermittency.38–40 These rare events are closely associated 
with intense, localized adverse pressure gradients that strongly modu
late near-wall turbulent structures.41,42 The three-dimensional topol
ogy and kinematic features of such events have been well documented 
in canonical channels and pipes,43–45 as well as during boundary layer 
transition.46 More recently, advanced volumetric conditional- 
averaging techniques have extended the understanding of extreme 
wall-shear-stress and wall-pressure-fluctuation events to complex 
environments, including supersonic and hypersonic boundary 

layers.47 Despite these insights from statistically steady regimes, the 
manner in which a high-amplitude, time-varying gust modulates the 
occurrence frequency, spatial extent, and vortical triggering mecha
nisms of these extreme events remains an open question.

To bridge this gap, we perform DNS to investigate the structural 
evolution and triggering mechanisms of extreme events in a turbulent 
shear flow driven by an unsteady, Gaussian-type external force. This 
Gaussian forcing model is designed to emulate the rapid acceleration 
and subsequent relaxation characteristic of severe atmospheric gusts. 
By independently varying the forcing amplitude and duration, we aim 
to uncover the phase-dependent modulation mechanisms of the tur
bulent flow. It is also important to clarify the modeling rationale 
adopted in this study. In realistic atmospheric environments, gusts 
appear as complex disturbances characterized by spatial heterogeneity 
and variable convective velocities. Recent experimental studies48 have 
shown that generating prescribed gust profiles in laboratory 
settings can introduce spatial distortions and velocity nonuniformity, 
primarily owing to wakes generated by gust-producing devices. 
Furthermore, capturing and predicting the nonlinear spatiotemporal 
evolution of such spatially heterogeneous gusts often requires 
advanced data-driven techniques, such as hybrid autoencoder– 
random-forest algorithms.49 Consequently, resolving these spatial fea
tures may obscure the underlying flow physics by making it difficult 
to distinguish turbulent-structure modulation driven by spatial con
vection from that driven by temporal unsteadiness. To address this 
issue, the present study employs a temporal surrogate model in which 
the gust is idealized as a spatially uniform, time-varying body force. 
This canonical abstraction decouples temporal unsteadiness from spa
tial convective effects, allowing us to isolate the non-equilibrium 
structural reorganization mechanisms without the confounding influ
ence of spatial wake interference.

The primary objectives of this work are threefold: (i) to elucidate 
the spatiotemporal evolution of coherent structures and cross-scale 
energy transfer during a gust encounter; (ii) to clarify the phase- 
averaged modulation mechanisms and memory effects in turbulent 
statistics under transient forcing; and (iii) to identify and characterize 
the three-dimensional topological origins of gust-triggered extreme 
events (BF and EP). The remainder of the paper is organized as fol
lows. Section II describes the mathematical model, the DNS setup, 
and the formulation of the Gaussian forcing. Section III presents the 
macroscopic statistical response, multiscale spectral modulation, and 
topological characterization of near-wall extreme events. Finally, 
Sec. IV summarizes the main conclusions.

II. NUMERICAL METHODS
A. Governing equations and gust-forcing model

Direct numerical simulations (DNS) are conducted for a fully 
developed turbulent channel flow subjected to time-varying, 
Gaussian-type external forcing. The fluid is assumed to be Newtonian 
and incompressible. The governing equations are given by 

r � u ¼ 0; (1) 
@u
@t
þ u � ru ¼ −

1
q
rpþ �r2uþ FgustðtÞx̂; (2) 

where u ¼ ðu; v;wÞ denotes the velocity vector, with components in 
the streamwise ðxÞ, wall-normal ðyÞ, and spanwise ðzÞ directions, 
respectively. The quantities q, p, and � denote the fluid density, 
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pressure, and kinematic viscosity, respectively. The term FgustðtÞ
denotes the unsteady external forcing applied in the streamwise direc
tion x̂. Numerically, this spatially uniform transient body force acts as 
an equivalent unsteady pressure gradient. The application of a time- 
varying body force to fully developed channel flow is a well- 
established framework for investigating non-stationary wall-bounded 
flows.25,33,50 Although this formulation shares similarities with pulsat
ing channel flow, the present study employs a Gaussian-type pulse 
rather than a continuous harmonic oscillation. This choice mimics 
the rapid, isolated intensification and subsequent relaxation character
istic of atmospheric gusts, thereby driving wall-bounded turbulence 
into a non-equilibrium state.

The atmospheric gust is modeled as a transient acceleration fol
lowed by a relaxation phase, as illustrated in Fig. 1. To capture this 
rapid intensification and subsequent decay, FgustðtÞ is prescribed as a 
Gaussian pulse, 

FgustðtÞ ¼ 1þ
XN

i¼1
A0;i exp −

ðt − t0;iÞ
2

2r2
i

" #8
<

:

9
=

;
Fsteady; (3) 

where Fsteady is the constant equivalent mean pressure gradient 
required to maintain the baseline statistically steady turbulent channel 
flow at the nominal friction Reynolds number Res. For the ith 
Gaussian pulse (i ¼ 1;…;N), A0;i denotes the peak amplitude, t0;i 
denotes the temporal center (i.e., the instant of maximum intensity), 
and ri determines the duration, or characteristic timescale, through 
the pulse width. Although atmospheric gusts encountered by aircraft 
are inherently isolated transient events, simulating only a single iso
lated gust in DNS would provide insufficient samples for extracting 
statistically converged coherent structures. To circumvent this limita
tion, we employ a sequence of N periodic Gaussian pulses with identi
cal amplitudes (A0;i ¼ A0) and durations (ri ¼ r) [as illustrated in 
Fig. 1(b)], thereby rendering the flow cyclostationary. In this cyclosta
tionary setup, successive pulses are arranged periodically such that 
t0;iþ1 − t0;i ¼ T, where T is the forcing period. In cyclostationary tur
bulence, the macroscopic statistical moments vary with time but 
repeat periodically, satisfying hqðx; tÞi ¼ hqðx; t þ TÞi, where q rep
resents an arbitrary flow quantity and h�i denotes phase averaging.

For the phase-resolved analysis, the temporal evolution of a sin
gle gust event is defined based on the properties of the Gaussian dis
tribution. According to the empirical three-sigma rule, the interval 
within 63r of the mean contains more than 99:7% of the total pulse 
contribution. Outside this interval, the gust perturbation decays to a 
negligible magnitude and exerts no significant influence on the 

background turbulence. Accordingly, the effective duration of a single 
gust event is defined as 6r, spanning the temporal interval 
t 2 ½t0 − 3r; t0 þ 3r�. This temporal window is sufficiently broad to 
ensure the dynamic independence of consecutive gust cycles. 
Although the flow exhibits a memory effect associated with turbulent 
relaxation, the 6r cycle window provides sufficient time for the non- 
equilibrium turbulent kinetic energy to dissipate. Consequently, the 
boundary layer relaxes to the canonical statistically steady baseline 
state before the onset of the subsequent pulse, as corroborated later by 
the recovery of the macroscopic skin friction to its steady-state value 
at the cycle boundaries. Thus, although a cyclostationary sequence is 
employed to obtain statistically converged samples, each forcing cycle 
behaves as an isolated transient gust encounter. To facilitate a unified 
comparison of turbulent responses across different timescales (i.e., 
different r values), we introduce a dimensionless phase parameter, 
U ¼ ðt − t0 þ 3rÞ=ð6rÞ. This definition maps the effective gust cycle 
onto the normalized interval U 2 ½0; 1�. Based on the temporal deriv
ative of the external driving force, dFgustðtÞ=dt, the gust cycle is fur
ther partitioned into three dynamic stages: (i) the acceleration phase 
(t 2 ½t0 − 3r; t0 − 0:5r�, corresponding to U 2 ½0; 0:42�), during 
which the temporal derivative is positive; (ii) the peak-forcing phase 
(t 2 ½t0 − 0:5r; t0 þ 0:5r�, corresponding to U 2 ½0:42; 0:58�), which 
encompasses the vicinity of maximum forcing, where the temporal 
derivative changes sign; and (iii) the deceleration phase 
(t 2 ½t0 þ 0:5r; t0 þ 3r�, corresponding to U 2 ½0:58; 1�), during 
which the temporal derivative is negative. To investigate the transient 
modulation of turbulent structures, A0 and r are varied indepen
dently to simulate gusts with different strengths and timescales.

B. Numerical discretization and computational 
domain

The governing equations are solved using an in-house multiple- 
relaxation-time lattice Boltzmann method (MRT-LBM) code. The lat
tice Boltzmann method is adopted as the numerical framework for the 
DNS of turbulent flows. To recover the macroscopic Navier–Stokes 
equations, the density distribution function evolves according to 

fiðxþ eidt; t þ dtÞ − fiðx; tÞ ¼ −ðM−1SÞij mjðx; tÞ − mðeqÞ
j ðx; tÞ

h i

þ dtF0i; (4) 

where fi denotes the density distribution function, x is the spatial 
coordinate, t is time, and dt is the time step. The vector ei denotes the 
discrete velocity along the ith lattice direction. The matrix M is a 

FIG. 1. Schematic of the computational 
domain and the time-varying gust-forcing 
model. (a) Geometry of the turbulent 
channel flow with a spatially homoge
neous streamwise body force Fgust . (b) 
Time history of the periodic Gaussian- 
type gust forcing FgustðtÞ, partitioned into 
acceleration (red), peak-forcing (yellow), 
and deceleration (blue) phases.
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19� 19 orthogonal transformation matrix associated with the D3Q19 
discrete-velocity model. The equilibrium moments mðeqÞ are given by 

mðeqÞ
D3Q19 ¼ q

�

1;−11þ 19juj2; 3 −
11
2
juj2; u;−

2
3

u; v;

−
2
3

v;w;−
2
3

w; 2u2 − v2 − w2;−
1
2
ð2u2 − v2 − w2Þ;

v2 − w2;−
1
2
ðv2 − w2Þ; uv; vw; uw; 0; 0; 0

�
T : (5) 

In the present MRT-LBM solver, Guo’s forcing scheme51 is 
adopted. This scheme has been shown to eliminate low-order errors 
caused by the discretization of external forces and to exhibit second- 
order accuracy in both time and space. The kinematic viscosity in 
lattice units is given by �f ¼ ðs−1

� − 0:5Þ=3. The macroscopic fluid 
density qf and velocity uf are recovered as qf ¼

P18
i¼0 fi and 

uf ¼ ð
P18

i¼0 eifi þ F=2Þ=qf , respectively. Further details of the LB 
method and the validation of the in-house code can be found in our 
previous work.52,53

The simulations are performed in a computational domain of 
size Lx � Ly � Lz ¼ 4h� 2h� 2h, where h ¼ H=2 denotes the 
channel half-height, and H is the channel height. Periodic boundary 
conditions are imposed in the streamwise and spanwise directions, 
whereas no-slip boundary conditions are applied at the upper and 
lower walls. The baseline statistically steady flow is maintained at a 
nominal friction Reynolds number of Res ¼ ush=� ¼ 180, where us 

is the friction velocity of the unperturbed flow. Under these refer
ence conditions, the domain dimensions correspond to Lþx � 720 
and Lþz � 720 in wall units. This domain is substantially larger than 
the theoretical minimal-flow-unit requirements (Lþx � 300, 
Lþz � 100) and is therefore sufficient to sustain canonical near-wall 
coherent structures without spurious periodic interference, as con
firmed by the statistical validation presented in Sec. II C. The com
putational domain is uniformly discretized using a Cartesian lattice 
grid of Nx � Ny � Nz ¼ 401� 211� 201. A fully developed turbu
lent field at Res ¼ 180, precomputed over 150 eddy turnover times 
(H=us), corresponding to three million LBM iteration steps, serves 
as the initial condition for all subsequent gust simulations. 
Throughout the cyclostationary simulations, a globally constant 
time step and a uniform grid spacing are employed to maintain 

standard Cartesian lattice alignment. To ensure the statistical sig
nificance of the results, particularly for capturing rare extreme 
events, the simulations are conducted over extended physical dura
tions. Depending on the gust duration r, 25–30 independent gust 
cycles are simulated, yielding a total sampling time of up to 
4500H=ub. Both long-time-averaged and phase-averaged statistics 
are verified to be converged.

To ensure the fidelity of the DNS, the grid resolution must be 
assessed not only for the baseline flow but also at the instantaneous 
peak of the most severe gust. Under the strongest forcing condition 
(A0 ¼ 5:0, r ¼ 20), the flow undergoes intense acceleration, causing 
the instantaneous friction Reynolds number, Repeak

s , to reach approxi
mately 388.8. Consequently, the domain size expressed in inner units 
increases (e.g., Lþx � 1555 at the peak), thereby providing sufficient 
spatial extent to accommodate elongated transient structures.

To quantitatively verify the grid resolution under varying gust 
severities, Table I compares the resolution metrics at the steady-state 
and peak-Res conditions. We conditionally average the instants at 
which Res reaches its maximum within each gust cycle to obtain 
hResipeak. Based on the local friction velocity us, the near-wall grid 
spacing hDyþminipeak is calculated; based on the local Kolmogorov scale 
gK , the maximum ratio of the global grid spacing to the dissipation 
scale, hDymax=gKipeak, is determined. Similarly, all instants during the 
steady phase of the gust driving force are conditionally averaged to 
obtain hDyþministeady and hDymax=gKisteady.

As shown in the last row of Table I, under the highest gust 
amplitude (r ¼ 20, A0 ¼ 5:0), for which the transient peak reaches 
hResipeak � 388:8, the maximum ratio of the grid spacing to the local 
Kolmogorov scale, hDymax=gKipeak, is 2.50. Classical turbulence theory 
indicates that turbulent kinetic energy dissipation is complete when 
the dimensionless wavenumber satisfies jgK > 1.54 According to the 
relation between wavenumber and spatial scale, the corresponding 
wavelength is k ¼ 2p=j < 2pgK � 6:28gK . Based on the Nyquist cri
terion, the critical resolvable scale is Dx ¼ k=2 < 3:14gK . Therefore, 
the energy contained at scales smaller than 3gK is negligible. 
Consequently, a maximum grid spacing of 2:50gK is sufficient to 
resolve the spectral range that dominates turbulent energy dissipation. 
Furthermore, the LBM exhibits low numerical dissipation and disper
sion. Thus, the grid resolution employed in this study accurately 
resolves the small-scale turbulent structures in the dissipation range, 
even under the most severe unsteady forcing.

TABLE I. Comparison of grid-resolution metrics at the steady-state and peak-Res conditions under different gust parameters. 

A0 r hResipeak hDyþminipeak hDymax=gKipeak hDyþministeady hDymax=gKisteady

0.2 10 203.8 0.97 1.25 0.87 1.13
0.2 20 201.3 0.95 1.20 0.84 1.07
0.2 30 206.3 0.98 1.31 0.84 1.12
0.5 10 218.9 1.04 1.36 0.94 1.25
0.5 20 216.0 1.03 1.37 0.95 1.16
0.5 30 220.7 1.05 1.40 0.93 1.25
1.0 10 238.3 1.13 1.48 0.97 1.40
1.0 20 239.2 1.13 1.49 1.03 1.29
1.0 30 245.1 1.16 1.49 1.04 1.30
5.0 20 388.8 1.90 2.50 1.54 2.03
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C. Validation of the baseline flow
To verify the fidelity of the numerical setup, the baseline statisti

cally steady turbulent channel flow (A0 ¼ 0) is validated against the 
benchmark DNS data of Lee and Moser.55 As shown in Fig. 2, both 
the mean streamwise velocity profile (huþi) and the root mean square 
(RMS) velocity fluctuations (u0rms, v0rms, and w0rms) agree well with the 
reference spectral DNS data throughout the channel. This validation 
confirms that the grid resolution, numerical scheme, and domain size 
are sufficient for accurately capturing the baseline turbulent statistics. 
Consequently, this steady-state flow provides a reliable foundation for 
evaluating the structural modulation induced by transient gust forcing 
in Secs. III A and III B.

III. RESULTS AND DISCUSSION
A. Response of wall-bounded turbulence to gust 
forcing

To visualize the structural evolution of the flow, instantaneous 
snapshots of vortical structures identified by a positive isovalue of the 
Q-criterion are presented in Figs. 3(a)–3(c). The topology of these 
coherent structures exhibits strong phase dependence. During the 
acceleration phase [see Fig. 3(a)], the vortical structures are relatively 
sparse and disorganized. At this stage, the momentum introduced by 
the gust is still accumulating in the bulk flow, and the near-wall shear 
layer has not yet developed strong instabilities. As the gust approaches 
its peak and enters the early deceleration phase [see Fig. 3(b)], the 

FIG. 2. Validation of the baseline DNS 
setup at Res � 180 against the bench
mark data of Lee and Moser.55 (a) Mean 
streamwise velocity profile, huþi. (b) 
Root-mean square (RMS) velocity fluctu
ations. Solid lines denote the present 
results; open symbols denote the bench
mark data.

FIG. 3. Instantaneous coherent structures and near-wall velocity streaks under extreme gust forcing (r ¼ 20, A0 ¼ 5:0). (a)–(c) Vortical structures identified by the 
Q-criterion (Q� ¼ 0:1) and colored by the streamwise velocity u. (d)–(f) Streamwise velocity contours in a near-wall x–z plane located at yþ � 15. The panels correspond 
to the acceleration (a) and (d), peak-forcing (b) and (e), and deceleration (c) and (f) phases.
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flow reorganizes, and the density of hairpin-like vortices and quasi- 
streamwise vortex tubes increases markedly, resulting in dense vorti
cal clusters. This stage corresponds to the peak of turbulent kinetic 
energy (TKE) production, during which the accumulated momentum 
is converted into intense turbulent fluctuations. Notably, during the 
deceleration phase [see Fig. 3(c)], the flow retains a high degree of 
spatial complexity and vortical density. This sustained structural 
intensity illustrates the memory effect in non-stationary turbulence, 
whereby the dissipation of coherent structures lags behind the decay 
of the external forcing.

To quantitatively understand this memory effect, the gust time
scale is compared with the reorganization timescale of the near-wall 
coherent structures. A complete cycle of the canonical self-sustaining 
process (SSP)56 requires a characteristic period of TþSSP � 400. Across 
the varying gust conditions prescribed in this study, the effective 
acceleration period spans Tþaccel � 470, 526, and 618 for amplitudes 
A0 ¼ 0:2, 0.5, and 1.0, respectively. Because this gust acceleration 
phase is of the same order of magnitude as a single SSP cycle 
Tþaccel � OðTþSSPÞ, the turbulent structures lack sufficient time to 
undergo the multiple evolutionary iterations required to redistribute 
the newly injected momentum and reach a new equilibrium. 
Consequently, turbulent momentum exchange substantially lags 
the rapid external momentum input, generating pronounced 
hysteresis that becomes stronger at larger amplitudes A0. The corre
sponding instantaneous streamwise velocity contours at yþ � 15 [see 
Figs. 3(d)–3(f)], which serve as near-wall footprints of the phase lag, 
visually corroborate this modulation. While the near-wall streaks 
appear elongated and predominantly low-speed during the accelera
tion phase, they become increasingly sinuous during the deceleration 
phase. This behavior indicates enhanced streak instability and subse
quent bursting events, which serve as the primary precursors of the 
extreme events analyzed in Sec. III B.

The non-equilibrium nature of the gust–flow interaction is fur
ther examined through the macroscopic response of the wall friction. 
Figures 4(a) and 4(b) show the phase-averaged skin-friction coeffi
cient Cf over the gust cycle for different forcing durations r and 
amplitudes A0. A clear hysteresis loop is observed, indicating a phase 
lag between the external forcing and the near-wall turbulent response. 
During the acceleration phase (U < 0:42), Cf remains below the 
expected quasi-steady response, implying that the near-wall turbu
lence has not yet adjusted to the rapidly increasing momentum input. 
Conversely, during the deceleration phase (0:58 < U < 1), Cf 
remains elevated, reflecting the pronounced memory effect. This hys
teresis implies that the TKE generated near the gust peak is temporar
ily stored in large-scale outer-layer structures and subsequently 
transported toward the near-wall region over a finite relaxation time.

The net structural distortion imprinted on the boundary 
layer over the gust encounter is further elucidated by the long-time- 
averaged root mean square (RMS) velocity fluctuations, shown in 
Figs. 4(c) and 4(d). Presenting these long-time-integrated statistics, 
rather than only instantaneous peak profiles, highlights the residual 
kinetic energy and enhanced anisotropy that persist beyond the 
immediate transient forcing. As the forcing duration increases at a 
fixed amplitude [see Fig. 4(c)], or as the forcing amplitude increases at 
a fixed duration [see Fig. 4(d)], the streamwise velocity fluctuation 
u0rms intensifies, particularly in the outer region (yþ > 50). In contrast, 
the wall-normal (v0rms) and spanwise (w0rms) components exhibit only 

marginal changes. This selective enhancement indicates that the gust 
primarily injects energy into the streamwise component, thereby 
exacerbating the energetic imbalance among the three velocity com
ponents. To quantify this structural distortion, the Reynolds-stress 
anisotropy index (AI), defined as the second invariant of the anisot
ropy tensor IIb normalized by its limiting value,50,57,58 is evaluated in 
Figs. 4(e) and 4(f). The AI profiles further reveal that strong, long- 
duration gusts (r ¼ 30, A0 ¼ 1:0) increase flow anisotropy in the 
outer layer (yþ � 100). This result suggests that low-frequency, high- 
amplitude forcing extends the period of energy accumulation, causing 
large-scale structures to become increasingly strained in the stream
wise direction before the energy can cascade to smaller, more isotro
pic scales.

The energetic footprint of the gust is further characterized 
through the TKE budget and the phase-averaged spatiotemporal TKE 
distribution. As shown in Figs. 5(a) and 5(b), the time-averaged TKE 
production and dissipation retain their characteristic near-wall peaks, 
indicating that the canonical near-wall self-sustaining process is not 
overridden by the gust. The time-averaged energy pathways, there
fore, remain dominated by the canonical near-wall cycle. However, 
under stronger forcing (e.g., A0 ¼ 1:0), a slight enhancement of the 
near-wall dissipation rate (−e) is observed at yþ < 20, suggesting a 
localized gust-induced intensification of small-scale vortical activity.

The most prominent signature of gust modulation is revealed by 
the phase-averaged TKE contours in the yþ–U plane [see Figs. 5(c)– 
5(e)]. For a short-duration gust [r ¼ 10; see Fig. 5(c)], the TKE 
remains relatively uniform throughout the cycle and acts mainly as a 
background modulation. However, as the duration increases to 
r ¼ 30 [see Fig. 5(d)], the TKE maximum becomes localized within a 
distinct phase window during the deceleration stage (0:58 < U < 1), 
accompanied by outward transport of energetic fluid into the buffer 
layer. This synchronization suggests that moderate-duration gusts 
organize the timing of bursting events. Under extreme gust forcing 
[r ¼ 20, A0 ¼ 5:0; see Fig. 5(e)], the turbulent dynamics are substan
tially reorganized. The TKE peak shifts toward the late-acceleration 
and deceleration phases, and the highly energetic region extends 
beyond the traditional near-wall confinement into the outer layer 
(yþ > 100). This cross-layer energy transfer demonstrates that severe 
gusts amplify energetic large-scale structures that govern momentum 
exchange across the boundary layer.

To elucidate how the transient gust modulates the distribution 
of turbulent kinetic energy across spatial and temporal scales, we per
form spectral analysis of the velocity fluctuations. Figures 6(a)–6(c) 
present the premultiplied one-dimensional energy spectra of the 
streamwise velocity, kxEu0u0 ,59,60 for varying gust amplitudes 
(A0 ¼ 0:2, 1.0, and 5.0) at a fixed duration (r ¼ 20). In the low- 
amplitude case [see Fig. 6(a)], the energy distribution resembles that 
of a canonical statistically steady channel flow, with a prominent 
near-wall peak associated with the self-sustaining cycle of typical 
streak structures.61 Quantitatively, at A0 ¼ 0:2, the energy peak of 
kxEu0u0 is concentrated at a wavelength of kx=h � 5� 10−2 and a 
wall-normal height of y=h � 10−1. However, as the gust amplitude 
increases to A0 ¼ 5:0 [see Fig. 6(c)], the energetic peak shifts closer to 
the wall and broadens toward the long-wavelength, low-wavenumber 
region. Specifically, the spatial extent of the peak broadens in the 
wavelength domain, covering structures within 10−2 < kx=h < 5 
�10−2, and its core location shifts downward to y=h � 4� 10−2. 
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This spectral broadening suggests that severe gust forcing enhances 
energy accumulation in small-scale near-wall streaks while simulta
neously promoting the formation of elongated, energetic streamwise 
structures.

Because conventional Fourier spectra cannot resolve the local
ized and transient nature of the gust, we employ the continuous wave
let transform (CWT) to extract localized time–frequency information 
from the velocity signals.62–65 The CWT is constructed by translating 
and dilating a mother wavelet, typically a localized oscillatory function 
of finite duration, along the time axis. This operation generates a fam
ily of daughter wavelets at different scales and positions, which are 

then convolved with the target signal. The continuous wavelet trans
form of the streamwise velocity fluctuation signal uðtÞ is defined as 

Wða; bÞ ¼
ðþ1

−1
uðtÞw�

t − b
a

� �

dt: (6) 

Here, Wða; bÞ denotes the continuous wavelet coefficient. The 
scale parameter a governs the dilation or compression of the wavelet, 
and thus its effective frequency content, whereas the translation 
parameter b determines the temporal shift of the wavelet along the 
signal. The term w� denotes the complex conjugate of the mother 
wavelet function w. To characterize the spatiotemporal distribution of 

FIG. 4. Macroscopic response and modulation of turbulent statistics under transient gust forcing. (a) and (b) Phase-averaged skin-friction coefficient Cf . The background 
shading qualitatively denotes the acceleration (light red), peak-forcing (light yellow), and deceleration (light blue) phases. (c) and (d) Long-time-averaged RMS velocity fluctu
ations. (e) and (f) Reynolds-stress anisotropy index (AI). Panels (a), (c), and (e) show the effect of varying gust duration r at A0 ¼ 1:0; panels (b), (d), and (f) show the 
effect of varying forcing amplitude A0 at r ¼ 30. The steady baseline is denoted by solid black lines.
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turbulent energy, the local wavelet power spectral density (PSD) is 
evaluated. First, the local energy density of the signal at scale a and 
time b is obtained from the squared modulus of the wavelet coeffi
cients normalized by the scale parameter, Eða; bÞ ¼ jWða; bÞj2=a. 
Because the amplitude of the wavelet transform depends on scale, this 
normalized energy density is further converted into the PSD to 

remove scale-dependent bias. This is achieved by dividing Eða; bÞ by 
a factor proportional to the central frequency, yielding 

PSDða; bÞ ¼
jWða; bÞj2

a
�

2p

Nx0
; (7) 

FIG. 5. Time-averaged TKE budgets and spatiotemporal evolution of phase-averaged TKE. (a) and (b) Time-averaged TKE budgets for varying gust durations (r) at 
A0 ¼ 1:0 (a) and varying amplitudes (A0) at r ¼ 30 (b). (c)–(e) Spatiotemporal contours of normalized phase-averaged TKE for (c) short-duration (r ¼ 10, A0 ¼ 1:0), 
(d) long-duration (r ¼ 30, A0 ¼ 1:0), and (e) extreme (r ¼ 20, A0 ¼ 5:0) gusts.

FIG. 6. Multiscale energy modulation of 
streamwise velocity fluctuations. (a)–(c) 
Premultiplied 1D energy spectra kxEu0u0
for varying gust amplitudes A0 at fixed 
r ¼ 20. (d)–(f) Local continuous-wavelet 
power spectral density (PSD) of the 
streamwise velocity sampled at yþ � 80 
for the corresponding gust amplitudes. 
White dashed lines indicate the cone of 
influence (COI). Panels correspond to (a) 
and (d) A0 ¼ 0:2, (b) and (e) A0 ¼ 1:0, 
and (c) and (f) A0 ¼ 5:0.
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where N and x0 are parameters associated with the chosen mother 
wavelet. The resulting local wavelet PSD provides a robust representa
tion of the turbulent kinetic energy distribution in both the time and 
frequency domains. However, because the analyzed streamwise veloc
ity signal has a finite temporal duration, edge effects arise near the 
boundaries of the time series during the convolution process. As the 
scale parameter a increases (corresponding to a lower frequency f), 
the effective temporal support of the mother wavelet broadens pro
portionally. Consequently, the boundary distortions caused by data 
truncation extend farther toward the center of the signal, forming a 
distinctive cone-shaped boundary on the time-frequency spectro
gram. This region is known as the cone of influence (COI).63,65 

Within the COI, the calculated wavelet power spectral density is con
taminated by edge artifacts, rendering the spectral magnitudes unreli
able. Therefore, to ensure an evaluation of the multiscale energy 
distribution, spectral data within the COI must be interpreted with 
caution.

Figures 6(d)–6(f) compare the local wavelet PSDs of the stream
wise velocity in the logarithmic region (yþ � 80) for varying gust 
amplitudes (A0 ¼ 0:2, 1.0, and 5.0) at a fixed duration of r ¼ 20. 
Under weak forcing [see Fig. 6(d)], the turbulent energy remains 
intermittently distributed over intermediate and high frequencies. 
This spectral footprint indicates that the weak gust is insufficient to 
disrupt the canonical turbulent cycle, and the flow remains dominated 
by the random bursting events characteristic of statistically steady tur
bulence. However, as the forcing amplitude increases to A0 ¼ 1:0 [see 
Fig. 6(e)], the chaotic broadband fluctuations begin to be suppressed. 
Under extreme forcing [A0 ¼ 5:0; see Fig. 6(f)], the high-frequency 
random fluctuations are suppressed, and the turbulent energy is reor
ganized into a highly energetic, low-frequency continuous band that 
spans the entire sampling period. The emergence of this persistent 
high-energy structure signifies a qualitative shift in the turbulence 
dynamics. A key finding emerges by comparing the frequency of this 
newly formed energetic band (f � � 8:5� 10−3) with the driving fre
quency of the Gaussian gust (fgust � 8:3� 10−3). The close agree
ment, with a relative deviation of only 2:4%, demonstrates that 
intense periodic forcing dictates the characteristic scale of the domi
nant coherent structures in the outer layer. Moreover, the local PSD 
peak of this reorganized high-energy region reaches 8� 10−6, 
approximately two orders of magnitude higher than the energy of the 
background high-frequency fluctuations. This quantitative evidence 

shows that intense gusts suppress high-frequency broadband fluctua
tions and impose their own characteristic timescale, thereby reorgan
izing turbulent energy into low-frequency structures. This spectral 
signature indicates that severe atmospheric disturbances can dictate 
the dominant temporal and spatial scales of turbulent motions in the 
boundary layer.

B. Triggering mechanisms and topological structures 
of extreme events

The flow-structure modulation discussed in Sec. III A suggests 
that gust forcing alters the probability of extreme near-wall events. To 
quantify this intermittency, Fig. 7 presents the probability density 
functions (PDFs) of the normalized instantaneous streamwise wall- 
shear stress, s=hsi, for both the statistically steady and gust-forced 
cases. The heavy tails of the PDFs, which characterize the occurrence 
of rare events,38,66 broaden under severe forcing (e.g., A0 ¼ 5:0). This 
broadening indicates an increased probability of both extreme posi
tive (EP) events, corresponding to large positive values of s=hsi, and 
backflow (BF) events, corresponding to s=hsi < 0, relative to the 
canonical statistically steady flow.

The dynamic shift underlying these extreme events is elucidated 
by a quadrant analysis of the Reynolds shear stress, hu0v0i.37 Figure 8 
compares the fractional contributions of ejection (Q2, u0 < 0, v0 > 0) 
and sweep (Q4, u0 > 0, v0 < 0) events as functions of the wall-normal 
distance yþ. In statistically steady wall turbulence, it is well established 
that sweep (Q4) events dominate Reynolds-shear-stress production in 
the immediate vicinity of the wall (yþ�15), whereas ejection (Q2) 
events overtake sweeps and govern turbulent transport throughout 
the logarithmic and outer regions.67–69 Under the high-amplitude 
gust (A0 ¼ 5:0), however, the contribution of sweep (Q4) events 
increases substantially. It surpasses that of ejection (Q2) events, domi
nates turbulent transport into the outer region (yþ > 20), and 
accounts for nearly 80% of the total Reynolds shear stress. The physi
cal origin of this enhanced sweep (Q4) dominance can be attributed 
to a gust-induced top-down momentum-transfer mechanism. When 
the uniform transient body force is applied, fluid in the outer and 
bulk regions, which experiences much weaker direct viscous con
straint from the wall, accelerates more rapidly than the near-wall fluid. 
This differential acceleration generates a large instantaneous mean 
shear gradient, @U=@y, across the buffer layer. To restore this 

FIG. 7. Probability density functions 
(PDFs) of the normalized instantaneous 
streamwise wall-shear stress s=hsi. (a) 
Effect of varying gust duration r at 
A0 ¼ 1:0. (b) Effect of varying amplitude 
A0 at r ¼ 20. The steady baseline is 
denoted by solid black lines. Vertical 
dashed lines indicate the thresholds for 
extreme positive (EP) events.
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macroscopic momentum imbalance, high-momentum fluid from the 
outer region is driven toward the wall. Consequently, this non- 
equilibrium state strongly favors intense inrushes of high-speed fluid 
(sweeps), suppresses the outward transport of low-speed fluid (ejec
tions), and enhances near-wall momentum exchange. This shift 
toward sweep-dominated dynamics serves as the primary physical 
mechanism triggering EP events.

To uncover the three-dimensional structural origins of these 
rare, localized phenomena, we employ a two-step conditional-averag
ing methodology. Volumetric conditional averaging has recently 
emerged as a robust tool for extracting coherent structures responsi
ble for extreme near-wall events across various complex flow 
regimes.38,43,44,47,70 Traditional single-threshold conditional sampling 
(e.g., averaging all flow fields satisfying s=hsi < 0) implicitly assumes 
statistical symmetry. However, extreme near-wall events are often 
driven by asymmetric vortical structures, such as tilted quasi- 
streamwise vortices or meandering streaks. Direct ensemble averaging 
of these randomly oriented asymmetric structures can artificially can
cel key kinematic features, thereby smearing their true topological 
footprint. To mitigate this issue, the two-step procedure is designed to 
preserve the spatial coherence of the underlying driving mechanisms. 
In the first step, a primary detection box is centered on each identified 
extreme event, with the local origin defined at Dxþ ¼ Dyþ
¼ Dzþ ¼ 0. For backflow (BF) events, the sampling domain spans 
Dxþ � Dyþ � Dzþ ¼ 80� 40� 40 wall units, ensuring that the 
immediately overlying turbulent structures are captured; for extreme 
positive (EP) events, the domain is adjusted to 60� 30� 30 wall 
units to resolve the intense near-wall shear. In the second step, a sec
ondary detection criterion is applied within the extracted domain to 
determine the primary rotational orientation of the associated vortical 
structure. Specifically, the location of the dominant quasi-streamwise 
vortex core is identified using the positive second invariant of the 
velocity-gradient tensor (Q-criterion, Q > 0). The relative spanwise 
position of this identified core with respect to the extreme event is 
then evaluated. Based on this spatial relationship, the adjacent vortex 
is classified as either a right-sided (QR) or left-sided (QL) quasi- 
streamwise vortex, depending on whether it lies to the right or left of 
the event centerline relative to the flow direction. Before the final 
ensemble average is performed, the instantaneous flow fields associ
ated with one spatial class (e.g., QR) are mirrored in the spanwise 
direction (zþ). This spatial alignment ensures that all conditionally 
sampled events share a consistent orientation of their driving vortical 

structures, thereby eliminating destructive interference and yielding a 
more faithful representation of the extreme-event topology.43

The parameter space and corresponding statistics of extreme 
events, including the specific thresholds s�EP used for event detection, 
are summarized in Table II. Given that BF and EP events are rare phe
nomena (with occurrence probabilities P < 0:01%), conditional aver
aging in a non-stationary flow requires a large statistical sample. To 
ensure statistical convergence and to confirm that the resulting three- 
dimensional topologies are not artifacts of random fluctuations, the 
analysis for the severe-gust case (r ¼ 30, A0 ¼ 1:0) is accumulated 
over 25 independent gust cycles. Within this extended temporal win
dow, a total of 199 independent BF events and 199 independent EP 
events are identified and analyzed. This substantial statistical ensem
ble ensures that random spatiotemporal fluctuations are effectively fil
tered out. The effectiveness of this methodology is demonstrated in 
Fig. 9, which presents the conditionally averaged footprints of the 
streamwise wall-shear stress in the wall-parallel Dxþ–Dzþ plane. For 
both BF [Fig. 9(a)] and EP [Fig. 9(b)] events, the localized, unsmeared 
core regions confirm that the spatial extent of the underlying struc
tures is well preserved.

Figures 10(a), 10(c), and 10(e) further show the conditionally 
averaged flow fields centered on the identified BF events in the 

FIG. 8. Fractional contributions of the four 
quadrant events to the mean Reynolds 
shear stress. Circle and triangle symbols 
denote the steady baseline and the 
extreme high-amplitude case (r ¼ 20, 
A0 ¼ 5:0), respectively. Colors distinguish 
Q1 (orange), ejection Q2 (dark blue), Q3 
(light blue), and sweep Q4 (dark red) 
events.

TABLE II. Parameter space and near-wall extreme-event statistics under varying 
gust conditions, comparing the probabilities of extreme events (%EP and %BF) and 
the EP threshold (s�EP) with the steady baseline. 

A0 r hResit %EP or %BF s�EP

Statistically steady 180.74 0.0004% 3.7808
0.2 10 187.44 0.0017% 3.6963
0.2 20 187.06 0.0014% 3.6821
0.2 30 187.30 0.0015% 3.7158
0.5 10 198.11 0.0017% 3.6762
0.5 20 197.94 0.0021% 3.6476
0.5 30 198.15 0.0019% 3.7232
1.0 10 214.71 0.0022% 3.7391
1.0 20 214.35 0.0030% 3.5910
1.0 30 214.70 0.0031% 4.0715
5.0 20 317.84 0.0041% 4.0781
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Dzþ ¼ 0 plane. The conditionally averaged streamwise velocity vari
ance [hu02iþBF ; Fig. 10(a)] reveals a region of intensified turbulent fluc
tuations above the BF centroid (Dyþ > 10). Quantitatively, in the 
region Dyþ � 10 � 20 above the BF event, the conditionally averaged 
streamwise velocity variance reaches hu02iBF=u2

s � 110. This value is 
more than five times the corresponding peak value for EP events, 
which is only hu02iEP=u2

s � 20 [Fig. 10(b)]. This significant contrast 
confirms that BF events are associated with intense turbulent fluctua
tions. The energetic region extends over a broad wall-normal range, 
indicating a robust buffer-layer response rather than a localized near- 
wall anomaly. The origin of this enhanced fluctuation activity is fur
ther elucidated by the conditionally averaged Reynolds shear stress 
[Fig. 10(c)] and spanwise vorticity hxþz iBF [Fig. 10(e)]. Above the BF 
event (Dyþ > 20), a high-stress zone emerges, while an elongated 
band of intense positive spanwise vorticity forms near the wall 
(Dyþ < 10). These coupled topological features demonstrate that the 
BF event is not merely a passive flow reversal; rather, it is associated 
with a localized adverse pressure-gradient field. This gradient, 
together with the energetic upward ejection of low-speed fluid, pro
motes the formation of spanwise roll-up vortices, thereby triggering 
secondary instabilities within the turbulent boundary layer.

The kinematic signature of extreme positive (EP) events con
trasts sharply with that of BF events. As shown by the conditionally 
averaged fields in Figs. 10(b), 10(d), and 10(f), EP events are charac
terized by high-speed fluid plunging toward the wall. Figure 10(b) 
shows the conditionally averaged streamwise velocity variance 
(hu02iþEP). A prominent high-intensity fluctuation region descends 
obliquely from the upper boundary layer (Dyþ � 30 − 50) and 
impinges on the near-wall region, exhibiting the classic signature of a 
sweep structure. This vigorous downward transport of high- 
momentum fluid generates a continuous, elongated high-shear chan
nel aligned with the streamwise direction, as evidenced by the 
Reynolds shear stress distribution in Fig. 10(d). Although the peak 
Reynolds shear stress generated by both EP and BF events reaches 
approximately h−u0v0i=u2

s � 10, the EP event forms a continuous, 
wall-inclined high-shear channel that extends streamwise over 
Dxþ � 40. This observation is consistent with the kinematic feature 
of wall-bounded turbulence in which energetic sweep motions govern 
extreme positive wall-shear-stress events; this mechanism remains 
robust in both incompressible flows and compressible turbulent 
boundary layers.47 Consequently, the intense shear at the fluid–wall 
interface drives substantial local vorticity generation. Figure 10(f) 

FIG. 9. Conditionally averaged contours of the streamwise wall-shear stress (s=hsi) in the Dxþ–Dzþ plane for ðaÞ backflow (BF) and ðbÞ extreme positive (EP) events. 
The fields are extracted under severe gust forcing (r ¼ 30, A0 ¼ 1:0), with the event centroid located at the origin (Dxþ ¼ Dzþ ¼ 0).

FIG. 10. Conditionally averaged topologies 
of backflow (BF, left column) and extreme 
positive (EP, right column) events under 
severe gust forcing (r ¼ 30, A0 ¼ 1:0) in 
the Dxþ–Dyþ plane at Dzþ ¼ 0. 
Normalized conditionally averaged (a) and 
(b) streamwise velocity variance, (c) and 
(d) Reynolds shear stress, and (e) and (f) 
spanwise vorticity for BF and EP events.
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reveals that the conditionally averaged spanwise vorticity, hxþz iEP, is 
strongly concentrated in the immediate vicinity of the wall 
(Dyþ < 5), forming a compressed, intense vortical band. Unlike the 
elevated vortical structures associated with BF events, the extreme 
vorticity characterizing EP events arises from the localized impact of 
small-scale, high-speed streaks sweeping onto the wall. Quantitatively, 
EP events are dominated by the sweep of high-speed fluid, which 
severely compresses intense spanwise vorticity into a thin layer at 
Dyþ < 5, resulting in a conditionally averaged peak vorticity of 
hxþz iEP � 2. In contrast, the peak value of the lifted vorticity band 
induced by BF events is only hxþz iBF � 1 [Fig. 10(e)]. This compari
son quantitatively illustrates the dominant role of high-speed sweep 
streaks in driving momentum exchange during EP events. The sweep
ing mechanism dictates the extreme shear gradients and governs the 
enhanced momentum-exchange pathways under severe gust 
conditions.

To contextualize these findings within engineering applications, 
the physical mechanisms elucidated herein inform the underlying 
dynamics relevant to systems operating in the atmospheric boundary 
layer, such as low-altitude unmanned aerial vehicles (UAVs). 
Specifically, the pronounced memory effect implies that traditional 
flight-control algorithms based on quasi-steady assumptions may fail 
during severe gust encounters. Nevertheless, the present study has 
certain limitations. The spatially uniform temporal surrogate model 
simplifies the spatial gradients and random amplitude variations of 
natural gusts. Additionally, owing to the computational cost of DNS, 
the baseline friction Reynolds number (Res � 180) is much lower 
than that of full-scale flight conditions.

IV. CONCLUSIONS
In this study, we investigated the response of turbulent shear 

flow to unsteady, Gaussian-type gust forcing. By varying the forcing 
amplitude A0 and duration r, we examined the non-equilibrium 
modulation of the turbulent kinetic energy (TKE) cascade, the reorga
nization of coherent structures, and the mechanisms triggering near- 
wall extreme events. The main findings are summarized as follows.

The turbulent response to gust forcing exhibits a pronounced 
phase lag and hysteresis, indicating a persistent memory effect. High- 
amplitude, long-duration gusts predominantly inject energy into the 
streamwise velocity component, thereby increasing flow anisotropy in 
the outer layer ðyþ � 100Þ. The phase-averaged TKE distribution fur
ther reveals that severe gusts drive substantial redistribution of turbu
lent energy across the boundary layer, shifting the peak turbulent 
activity from the near-wall region to the outer layer during the decel
eration phase.

Wavelet and spectral analyses demonstrate that intense gust 
forcing dictates the characteristic scale of the dominant turbulent 
structures. Specifically, under extreme gust forcing (A0 ¼ 5:0), the 
extracted frequency of the newly formed highly energetic band 
(f � � 8:5� 10−3) deviates by only 2:4% from the gust driving fre
quency (fgust � 8:3� 10−3). The gust suppresses small-scale, high- 
frequency fluctuations and reorganizes turbulent energy into a highly 
energetic, low-frequency continuous band governed by the forcing 
timescale.

Severe gust forcing also increases the probability of near-wall 
extreme events. Quadrant analysis reveals an increased contribution 
from intense sweep (Q4) motions, which dominate over ejection (Q2) 
events in the outer region and act as the primary trigger for extreme 

positive (EP) wall-shear-stress events. Using a two-step conditional 
averaging technique, we elucidate the three-dimensional topologies of 
backflow (BF) and EP events. The results demonstrate that BF events 
are not merely passive flow reversals; instead, they are actively driven 
by strong, localized adverse pressure gradients and energetic upward 
ejections ðDyþ > 10Þ. This dynamic coupling induces the formation 
of intense spanwise roll-up vortices in the buffer layer, thereby trig
gering secondary turbulent instabilities. In contrast, EP events are 
driven by energetic, high-speed fluid sweeps that plunge obliquely 
toward the wall. Rather than appearing as localized eruptions, these 
energetic sweeps carve out continuous high-shear channels extending 
over Dxþ � 40. Furthermore, this downward momentum transport 
compresses intense spanwise vorticity into a concentrated band in the 
immediate vicinity of the wall (Dyþ < 5). This localized compression 
doubles the peak vorticity magnitude relative to BF events, generating 
extreme shear gradients and enhancing near-wall momentum 
exchange.

In summary, this work highlights the impact of transient atmo
spheric disturbances on the structural equilibrium of wall-bounded 
turbulence. The detailed characterization of non-equilibrium energy 
transfer and the three-dimensional topology of extreme events pro
vides a theoretical foundation for developing predictive models and 
robust flow-control strategies for systems operating in complex, 
unsteady atmospheric environments. Despite these insights, the pre
sent idealized temporal surrogate model simplifies the random and 
multiscale characteristics of realistic atmospheric boundary layers. 
Future research will focus on DNS at higher Reynolds numbers and 
on spatially evolving gust models. Moreover, combining the physical 
mechanisms of cross-scale energy transfer revealed herein with data- 
driven and machine-learning algorithms offers a promising pathway 
for developing real-time prediction models and active flow-control 
technologies to mitigate extreme wall-shear-stress events in flight.

SUPPLEMENTARY MATERIAL
See the supplementary material for a video showing the spatio

temporal evolution of coherent structures under the Gaussian gust 
forcing.
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APPENDIX: RATIONALE FOR THE GUST AMPLITUDE A0 
AND DURATION r

In atmospheric meteorology, gusts are conventionally quanti
fied by the ratio of the instantaneous peak wind speed to the mean 
wind speed. However, within the framework of canonical channel 
flow DNS, prescribing an unsteady velocity profile can introduce 
unphysical spatial distortions. Instead, a time-varying volumetric 
body force is employed as a temporal surrogate model to investi
gate transient acceleration effects. Consequently, the parameter A0 
represents the dimensionless increment of this driving force. 
Rather than serving as an arbitrary numerical parameter, A0 acts as 
a dynamic trigger designed to induce the rapid macroscopic veloc
ity surge characteristic of atmospheric gusts.

The operating range of A0 2 ½0:2; 5:0� is constrained by both 
meteorological relevance and physical turbulence mechanics. 
Phenomenologically, severe atmospheric gusts are rapid, transient 
fluctuations from the mean wind speed, with the gust factor (the 
ratio of peak to mean wind speed) frequently reaching or exceeding 
1.5. To evaluate the present forcing model against this kinematic 
signature, Fig. 11 presents the time evolution of the ratio of instan
taneous to mean streamwise velocity (u=uavg) at the channel cen
terline (y=h ¼ 1). For the baseline statistically steady flow (A0 ¼ 0), 
this ratio remains stable around 1.0. For moderate forcing ampli
tudes (A0 ¼ 0:5–1.0), the velocity ratio reaches values of up to 1.13, 
exhibiting a typical gust footprint characterized by a sudden 

velocity surge followed by rapid decay. Under the extreme forcing 
condition (A0 ¼ 5:0), the velocity ratio peaks at �1.20. This 20% 
macroscopic velocity surge is sufficient to disrupt the structural 
equilibrium of the fully developed turbulent shear flow, driving the 
system into a non-equilibrium state that captures key features of 
severe atmospheric disturbances.

Furthermore, this parameter space respects critical numeri
cal limitations. If A0 is excessively small (e.g., A0 � 0:2), the 
injected momentum is dissipated by the random background tur
bulent fluctuations and fails to trigger coherent structural reorga
nization. Conversely, if A0 is excessively large, the resulting 
extreme velocity surge would induce strong compressibility 
effects. Within the present incompressible MRT-LBM framework, 
exceeding the physical limits of the low-Mach-number assump
tion would violate the governing equations. Thus, A0 2 ½0:2; 5:0�
constitutes a physically meaningful and numerically tractable 
parameter space.

To provide a quantitative rationale for the gust duration 
parameter r, we estimate the timescale separation in a representa
tive atmospheric boundary layer (ABL). Following a standard loga
rithmic wind profile for a desert surface (z0 ¼ 0:01 m), we consider 
an atmospheric gust with a mean wind speed corresponding to the 
lower bound of Beaufort scale level 6 (U ¼ 10:8 m/s at z ¼ 10 m). 
Integrating the velocity profile over an ABL height of H ¼ 1000 m 
gives a friction velocity of us � 0:63 m/s and a mean bulk velocity 
of ub � 16:4 m/s. Given the kinematic viscosity of air (� ¼ 1:57 
�10−5 m2/s) and a typical meteorological gust duration of Tgust 
� 20 s, the characteristic timescale measures are Tgust=Touter 
� 0:33, where the outer eddy turnover time is Touter ¼ H=ub, and 
Tþgust � 5:0� 105 in inner viscous units.

This substantial scale separation highlights a constraint of 
low-Reynolds-number DNS (Res � 180). A significant gap remains 
between current computational capabilities and the requirements 
for resolving ABL turbulence under such extreme parameters. 
Specifically, directly imposing the ABL macroscopic outer timescale 
ratio (Tgust=Touter � 0:33) in the present DNS would produce an 
excessively impulsive forcing event spanning fewer than 10 inner 
time units (Tþ < 10), which would artificially disrupt the turbulent 

FIG. 11. Time evolution of the ratio of instantaneous streamwise velocity to time-averaged velocity (u=uavg ) at the channel centerline (y=h ¼ 1). The solid black line denotes 
the baseline statistically steady flow. The blue lines represent the moderate gust cases with varying amplitudes (A0 ¼ 0:2; 0:5, and 1.0) at a fixed duration of r ¼ 30. The 
red dashed line represents the extreme gust case with an amplitude of A0 ¼ 5:0 and a duration of r ¼ 20.
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structures. Conversely, imposing the inner viscous timescale 
(Tþ � 105) would render the gust essentially quasi-steady, thereby 
suppressing the non-equilibrium transient dynamics.
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41P.-Å. Krogstad and P. E. Skåre, “Influence of a strong adverse pressure gradient 
on the turbulent structure in a boundary layer,” Phys. Fluids 7, 2014–2024 
(1995).

42M. Bross, T. Fuchs, and C. J. K€ahler, “Interaction of coherent flow structures 
in adverse pressure gradient turbulent boundary layers,” J. Fluid Mech. 873, 
287–321 (2019).

43P. Lenaers, Q. Li, G. Brethouwer, P. Schlatter, and R. €Orl€u, “Rare backflow and 
extreme wall-normal velocity fluctuations in near-wall turbulence,” Phys. 
Fluids 24, 035110 (2012).

44J. I. Cardesa, J. P. Monty, J. Soria, and M. S. Chong, “The structure and 
dynamics of backflow in turbulent channels,” J. Fluid Mech. 880, R3 (2019).

45C. Chin, R. Vinuesa, R. €Orl€u, J. I. Cardesa, A. Noorani, P. Schlatter, and M. S. 
Chong, “Flow topology of rare back flow events and critical points in turbulent 
channels and toroidal pipes,” J. Phys.: Conf. Ser. 1001, 012002 (2018).

46X. Wu, M. Cruickshank, and S. Ghaemi, “Negative skin friction during transi
tion in a zero-pressure-gradient flat-plate boundary layer and in pipe flows 
with slip and no-slip boundary conditions,” J. Fluid Mech. 887, A26 (2020).

47P.-J.-Y. Zhang, Z.-H. Wan, S.-W. Dong, N.-S. Liu, D.-J. Sun, and X.-Y. Lu, 
“Conditional analysis on extreme wall shear stress and heat flux events in com
pressible turbulent boundary layers,” J. Fluid Mech. 974, A38 (2023).

48Z.-R. Du, L.-H. Feng, and T. Wang, “Characteristics of gusts with different 
velocity profiles and control parameters,” Phys. Fluids 36, 107124 (2024).

49Z.-R. Du and L.-H. Feng, “Data-driven approach for gust evolution and veloc
ity field prediction,” Phys. Fluids 37, 127116 (2025).

50M. Manna, A. Vacca, and R. Verzicco, “Pulsating pipe flow with large- 
amplitude oscillations in the very high frequency regime. Part 1. Time- 
averaged analysis,” J. Fluid Mech. 700, 246–282 (2012).

51Z. Guo, C. Zheng, and B. Shi, “Discrete lattice effects on the forcing term in 
the lattice Boltzmann method,” Phys. Rev. E 65, 046308 (2002).

52A. Xu, L. Shi, and T. S. Zhao, “Accelerated lattice Boltzmann simulation using 
GPU and OpenACC with data management,” Int. J. Heat Mass Transfer 109, 
577–588 (2017).

53A. Xu and B.-T. Li, “Multi-GPU thermal lattice Boltzmann simulations using 
OpenACC and MPI,” Int. J. Heat Mass Transfer 201, 123649 (2023).

54S. B. Pope, Turbulent Flows (Cambridge University Press, 2000).
55M. Lee and R. D. Moser, “Direct numerical simulation of turbulent channel 

flow up to Res � 5200,” J. Fluid Mech. 774, 395–415 (2015).

Phys. Fluids 38, 065149 (2026); doi: 10.1063/5.0337822                                                                                                                                                                38, 065149-14 
Published under an exclusive license by AIP Publishing

Physics of Fluids                                                                                             ARTICLE pubs.aip.org/aip/pof 

 
2
0
 
J
u
n
e
 
2
0
2
6
 
0
9
:
3
0
:
3
7

https://doi.org/10.1146/annurev-fluid-010313-141354
https://doi.org/10.1146/annurev-fluid-010313-141354
https://doi.org/10.1146/annurev-fluid-010816-060206
https://doi.org/10.1146/annurev-fluid-031621-085520
https://doi.org/10.1146/annurev-fluid-031621-085520
https://doi.org/10.2514/1.22670
https://doi.org/10.1016/j.paerosci.2014.06.001
https://doi.org/10.1002/we.62
https://doi.org/10.1146/annurev-fluid-010814-013632
https://doi.org/10.1063/1.4864338
https://doi.org/10.2514/1.J061348
http://arxiv.org/abs/2604.09454v1
https://doi.org/10.1017/S0022112087000892
https://doi.org/10.1017/S0022112096003965
https://doi.org/10.1038/s42254-026-00929-6
https://doi.org/10.1038/s42254-026-00929-6
https://doi.org/10.1017/S0022112095000978
https://doi.org/10.1063/1.869185
https://doi.org/10.1017/S0022112099005066
https://doi.org/10.1017/S002211200100667X
https://doi.org/10.1063/1.2717527
https://doi.org/10.1103/PhysRevLett.105.044505
https://doi.org/10.1063/PT.3.2114
https://doi.org/10.1017/S0022112067001740
https://doi.org/10.1017/S0022112069000395
https://doi.org/10.1146/annurev.fl.23.010191.003125
https://doi.org/10.1146/annurev.fl.23.010191.003125
https://doi.org/10.1017/S0022112009006946
https://doi.org/10.1017/S0022112099007016
https://doi.org/10.1088/1468-5248/1/1/001
https://doi.org/10.1063/1.1359766
https://doi.org/10.1017/jfm.2015.17
https://doi.org/10.1017/jfm.2019.706
https://doi.org/10.1038/s41586-023-06399-5
https://doi.org/10.1017/jfm.2011.524
https://doi.org/10.1063/1.858538
https://doi.org/10.1017/S0022112004000114
https://doi.org/10.1017/S0022112010006245
https://doi.org/10.1103/PhysRevFluids.4.044606
https://doi.org/10.1017/S0022112009006934
https://doi.org/10.1017/S0022112009006934
https://doi.org/10.1088/1742-6596/1001/1/012004
https://doi.org/10.1017/jfm.2020.689
https://doi.org/10.1017/jfm.2020.689
https://doi.org/10.1063/1.3555191
https://doi.org/10.1080/14685248.2016.1259626
https://doi.org/10.1063/1.868513
https://doi.org/10.1017/jfm.2019.408
https://doi.org/10.1063/1.3696304
https://doi.org/10.1063/1.3696304
https://doi.org/10.1017/jfm.2019.774
https://doi.org/10.1088/1742-6596/1001/1/012002
https://doi.org/10.1017/jfm.2020.17
https://doi.org/10.1017/jfm.2023.797
https://doi.org/10.1063/5.0223931
https://doi.org/10.1063/5.0296633
https://doi.org/10.1017/jfm.2012.129
https://doi.org/10.1103/PhysRevE.65.046308
https://doi.org/10.1016/j.ijheatmasstransfer.2017.02.032
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123649
https://doi.org/10.1017/jfm.2015.268
pubs.aip.org/aip/pof


56J. Jim�enez, G. Kawahara, M. P. Simens, M. Nagata, and M. Shiba, 
“Characterization of near-wall turbulence in terms of equilibrium and “burst
ing” solutions,” Phys. Fluids 17, 015105 (2005).

57J. L. Lumley and G. R. Newman, “The return to isotropy of homogeneous tur
bulence,” J. Fluid Mech. 82, 161–178 (1977).

58O. Oyewola, L. Djenidi, and R. A. Antonia, “Influence of localised wall suction 
on the anisotropy of the Reynolds stress tensor in a turbulent boundary layer,” 
Exp. Fluids 37, 187–193 (2004).

59J. C. Del Alamo, J. Jim�enez, P. Zandonade, and R. D. Moser, “Scaling of the 
energy spectra of turbulent channels,” J. Fluid Mech. 500, 135–144 (2004).

60A. J. Smits, B. J. McKeon, and I. Marusic, “High-Reynolds number wall turbu
lence,” Annu. Rev. Fluid Mech. 43, 353–375 (2011).

61N. Hutchins and I. Marusic, “Evidence of very long meandering features in the 
logarithmic region of turbulent boundary layers,” J. Fluid Mech. 579, 1–28 
(2007).

62M. Farge, “Wavelet transforms and their applications to turbulence,” Annu. 
Rev. Fluid Mech. 24, 395–458 (1992).

63C. Torrence and G. P. Compo, “A practical guide to wavelet analysis,” Bull. 
Am. Meteorol. Soc. 79, 61–78 (1998).

64Y.-H. Zhou, Wavelet Numerical Method and Its Applications in Nonlinear 
Problems (Springer, 2021), Vol. 6.

65H. Zhang and X. Zheng, “Wavelet analysis of the coupling between turbulence, 
particles and electrostatics in dust storms,” J. Fluid Mech. 1007, A8 (2025).

66M. Farazmand and T. P. Sapsis, “A variational approach to probing extreme 
events in turbulent dynamical systems,” Sci. Adv. 3, e1701533 (2017).

67J. M. Wallace, H. Eckelmann, and R. S. Brodkey, “The wall region in turbulent 
shear flow,” J. Fluid Mech. 54, 39–48 (1972).

68W. Willmarth and S. Lu, “Structure of the Reynolds stress near the wall,” 
J. Fluid Mech. 55, 65–92 (1972).

69J. M. Wallace, “Quadrant analysis in turbulence research: History and evolu
tion,” Annu. Rev. Fluid Mech. 48, 131–158 (2016).

70P.-J.-Y. Zhang, Z.-H. Wan, N.-S. Liu, D.-J. Sun, and X.-Y. Lu, “Extreme events 
of wall pressure fluctuations in turbulent boundary layers: Effects of compress
ibility,” J. Fluid Mech. 1023, A41 (2025).

Phys. Fluids 38, 065149 (2026); doi: 10.1063/5.0337822                                                                                                                                                                38, 065149-15 
Published under an exclusive license by AIP Publishing

Physics of Fluids                                                                                             ARTICLE pubs.aip.org/aip/pof 

 
2
0
 
J
u
n
e
 
2
0
2
6
 
0
9
:
3
0
:
3
7

https://doi.org/10.1063/1.1825451
https://doi.org/10.1017/S0022112077000585
https://doi.org/10.1007/s00348-004-0800-8
https://doi.org/10.1017/S002211200300733X
https://doi.org/10.1146/annurev-fluid-122109-160753
https://doi.org/10.1017/S0022112006003946
https://doi.org/10.1146/annurev.fl.24.010192.002143
https://doi.org/10.1146/annurev.fl.24.010192.002143
https://doi.org/10.1175/1520-0477(1998)0790061:APGTWA2.0.CO;2
https://doi.org/10.1175/1520-0477(1998)0790061:APGTWA2.0.CO;2
https://doi.org/10.1017/jfm.2025.112
https://doi.org/10.1126/sciadv.1701533
https://doi.org/10.1017/S0022112072000515
https://doi.org/10.1017/S002211207200165X
https://doi.org/10.1146/annurev-fluid-122414-034550
https://doi.org/10.1017/jfm.2025.10855
pubs.aip.org/aip/pof

