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Meandering features of wall-attached structures in turbulent boundary layer
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In wall turbulence, meandering behaviors of large-scale structures observed in the
logarithmic layer are a crucial spatial feature to understand the spatial organization of these
structures and to improve the structure-based turbulence model. These structures extend
from the near-wall region to the edge of boundary layers (δ). Thus, their meandering
motions leave an imprint on the two-point turbulence statistics across the flow, espe-
cially in the logarithmic region. Herein, we demonstrate the influence of the meandering
motions of wall-attached structures on the two-point correlation and the premultiplied
two-dimensional spectra by analyzing the direct numerical simulation data of the turbulent
boundary layer at Reτ ≈ 1000. The meandering magnitudes of wall-attached structures
increase with their height (ly) but significantly differ among the identified structures even
at a given ly. In addition, the wall-attached structures of streamwise velocity fluctuations (u)
are found to be aligned along with a preferred spanwise offset regardless of the meandering
motion. This feature is confirmed through the conditional two-point correlations of u
within the meandering structures, which leads to a distinct X pattern in the logarithmic
region. We further examine the spectral behavior of the meandering structures across the
streamwise and spanwise wavelengths (λx and λz, respectively) through the premultiplied
two-dimensional spectra. With increasing meandering magnitudes, the energy spectra are
more inclined to the λz direction. Furthermore, the energy spectra of the strong meandering
structures are bounded by a linear relationship λx ∼ λz over the large-scale range, rem-
iniscent of self-similar scaling predicted by the attached-eddy hypothesis. In particular,
the upper bound is aligned along λx ≈ 2λz over λz > δ, which is absent in the energy
spectral of the total u. This result reveals that the meandering motions allow the large-scale
structures to contain wide spanwise scale energy that is self-similar in the logarithmic
region. Finally, a discussion on the near-wall parts of the meandering structures is given
with an emphasis on Townsend’s inactive eddies.
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I. INTRODUCTION

Wall-bounded turbulent flows are characterized by a broad range of turbulence motions that
maintain their spatial and temporal coherence, so-called eddies or coherent structures [1–3]. Due to
their coherence, these organized motions play an essential role in sustaining turbulence by producing
turbulent kinetic energy and mass, momentum, or heat transport.

A noteworthy feature in the near-wall region is the presence of low-speed streaks in which
the streamwise velocity is lower than the mean velocity at a given wall-normal location [4]. The

*jhwang@pusan.ac.kr
†jhlee06@unist.ac.kr

2469-990X/2022/7(11)/114603(22) 114603-1 ©2022 American Physical Society

https://orcid.org/0000-0002-9099-340X
https://orcid.org/0000-0002-0368-9638
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.7.114603&domain=pdf&date_stamp=2022-11-14
https://doi.org/10.1103/PhysRevFluids.7.114603


JINYUL HWANG AND JAE HWA LEE

low-speed streaks are flanked by vortical structures, and these near-wall coherent motions interact
with each other through a self-sustaining cycle [5–7]. The sizes of the near-wall coherent structures
are an order of the viscous lengthscale δν = ν/uτ , where ν is the kinematic viscosity and uτ is the
friction velocity. In addition, low-speed streaks exhibit a sinuous (or meandering) motion that is
responsible for the regeneration of the vortical structures.

Above the buffer layer, there are long low-speed regions whose lengthscales are an order of
the flow thickness δ, where δ is the 99% boundary-layer thickness, the channel half-height, or the
pipe radius. These large-scale features are related to the bulges observed in the outer layer [2,8–10]
since the two-point correlation of the streamwise velocity indicates that they are correlated far above
the wall [11,12]. In addition, long low-speed regions flanked by high-speed regions are found in the
wall-parallel plane of the logarithmic layer [13–15]. Furthermore, long low-speed streaks
in the logarithmic layer extend along the streamwise direction at very large scales of O(10δ −
20δ)—the so-called very-large-scale motion [16] or superstructures [13] or global modes [17].
Given that these large-scale structures significantly contribute to the Reynolds shear stress in the
outer region [15,17–25] and influence the near-wall region via the superposition [13,26,27] and the
amplitude modulation [28–32], it is crucial to understand their spatial organization in wall-bounded
turbulent flows. Furthermore, the near-wall velocity signals can be predicted by considering the
influence of large scales on the near-wall region [33–35].

A robust feature of large-scale streaks in the logarithmic region is that they significantly meander
along the streamwise direction in the turbulent boundary layer (TBL) and internal flows [13,14].
Moreover, similar large-scale meandering patterns are observed in the near-wall region, representing
a footprint of the large-scale streaks [13,26], which is in turn related to inner-outer interac-
tions [24,28,32,36–38]. Using a volumetric conditional average of the velocity fields based on
the large-scale filtered low skin-friction events, Ref. [39] showed that the large-scale meandering
event in the near-wall region is associated with large-scale streaks in the logarithmic region, and
the magnitude of the associated streamwise velocity fluctuations is greater than that of the straight
large-scale event. In the logarithmic region, Ref. [36] extracted one very long meandering streak
whose streamwise length is approximately 20δ, and it showed that such a long streak is vertically
connected to a group of near-wall low-speed streaks. Furthermore, the near-wall streaks were
organized into a similar meandering pattern of the 20δ-long meandering streak. In this regard, a
meandering feature of large-scale structures is crucial to understanding the multiscale nature of
wall-bounded turbulent flows.

The meandering motion of large-scale structures originally received attention because of a short-
ening of streamwise lengthscales in Ref. [13]. By synthesizing sinusoidal streaks, they showed that
the streak meandering could contaminate statistical lengthscales shown in the two-point correlation
and the premultiplied energy spectra. Additionally, a distinctive X pattern in the two-point correla-
tion of the streamwise velocity fluctuations (u) was observed in the low level of the correlations.
Such a feature was reproduced through synthetic meandering streaks. This observation reflects
that the meandering nature of low- and high-speed regions in the logarithmic layer contributes
to the X-shaped correlations. Reference [40] also found a similar flow pattern of the two-point
correlation in the turbulent pipe flow. They pointed out that this behavior is not a consequence of
noise or lack of convergence. Instead, it is because of a preferred spanwise offset of large-scale
meandering structures called a helical angle in the streamwise-azimuthal plane. Through a proper
orthogonal decomposition (POD), the helical angle of dominant modes was 4◦–8◦ with respect to
the streamwise direction. In addition, they speculated that a streamwise alignment of large-scale
structures along with the helical angle leads to the formation of very-large-scale motions.

In structural aspects, the meandering behavior of large-scale structures along a preferred
spanwise offset can be used to improve the coherent structure-based models in wall turbulence.
Specifically, the attached eddy model (AEM) proposed by Refs. [41,42] can be enhanced by consid-
ering the spatial organization of large-scale structures. Reference [43] measured the meandering
behavior along the wall-normal direction and proposed a representative structure of large-scale
structures by considering their meandering motion. Reference [44] found that the X-shaped pattern
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in the two-point correlation can be reproduced through the AEM configuration with helical angles.
In addition, Ref. [45] reported a better prediction of the wall-normal variation of the streamwise
lengthscale in the two-point correlation using a modified AEM, which includes the meandering be-
havior. To further improve the AEM, it would be reasonable to scrutinize the spectral contribution of
turbulence motions contained within the long meandering structures observed in the instantaneous
flow fields.

As described earlier, large-scale meandering structures extend from the near-wall region to the
edge of the boundary layer. In other words, the height of the large-scale structures is on the order
of δ. Recently, Ref. [46] extracted three-dimensional u structures in the instantaneous flow fields
and showed that these structures could be classified into wall-attached and wall-detached groups
analogously to those for the vortical [47] and the Reynolds shear stress structures [48]. Moreover,
wall-attached u structures with a height of O(δ) extend along with the streamwise direction O(6δ),
reminiscent of very-large-scale motions or superstructures. Given that these structures are scaled
with the outer lengthscale in TBL [46,49], pipe flow [50–52], and open channel flow over wavy
wall [53], they can be interpreted as non-self-similar structures [54,55]. In particular, it was observed
that these structures significantly meander along the streamwise direction [46,55]. Moreover, given
that their heights are O(δ), their meandering behaviors leave an imprint across the logarithmic
region. Hence, extracting instantaneous u signals within the meandering structures can enable the
investigation of the turbulence motions associated with the meandering structures without artificially
generating u streaks.

Therefore, this study aims to elucidate the influence of meandering features of wall-attached u
structures on turbulence statistics, emphasizing the conditional two-point correlation and their spec-
tral characteristics in the two-dimensional spectrum. We analyze the direct numerical simulation
(DNS) dataset of a zero-pressure-gradient TBL at Reτ ≈ 1000. We will demonstrate the influence of
wavering behaviors of the identified structures on a distinctive X pattern in the two-point correlation.
In addition, the two-dimensional energy spectrum of u is analyzed by conditionally sampling u
contained within meandering structures. This analysis facilitates the examination of the spectral
behavior of the turbulence motions associated with the meandering structures across the streamwise
and spanwise wavelengths.

This paper is organized as follows. First, a brief explanation of the present DNS data is provided
in Sec. II A. Then, in Sec. II B, we briefly describe the identification of wall-attached u structures
in instantaneous flow fields, and we introduce a method of measuring the meandering motions of
the identified structures. Next, the statistical properties of meandering wall-attached u structures
are presented in Sec. III A. We then examine the conditional two-point correlations of meandering
structures in Sec. III B, and the associated two-dimensional energy spectrum in Sec. III C. In
Sec. III D, we discuss the near-wall footprints of the extracted meandering structures. Finally, we
provide conclusions of the main findings in Sec. IV.

II. TBL DNS DATA AND METHOD FOR MEASURING MEANDERING BEHAVIOR

A. TBL DNS data

We use data from the DNS of a zero-pressure-gradient TBL by Refs. [32,38]. The continuity
and Navier-Stokes equations for incompressible flow were numerically solved using the fractional
method of Ref. [56]. In this study, the streamwise, wall-normal, and spanwise directions are
denoted by x, y, and z, respectively, and the corresponding velocities are ũ, ṽ, and w̃. Capital
letters indicate the mean velocities (U , V , and W ), and the lowercase letters denote the fluctuating
velocity components (u, v, and w). The superscript + indicates quantities normalized by the viscous
scales (i.e., friction velocity uτ and kinematic viscosity ν), and an angled bracket 〈·〉 is used to
denote ensemble averaging. The computational domain size is 2300δ0 × 100δ0 × 100δ0 along x,
y, and z, where δ0 denotes the inlet boundary layer thickness. A staggered grid is employed with
13 313 × 541 × 769 grid points. The friction Reynolds number reaches up to Reτ ≡ uτ δ/ν ≈ 1040.
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FIG. 1. (a) Isosurfaces of wall-attached structures of streamwise velocity fluctuations (u = −1.5urms and
1.5urms) in an instantaneous flow field. (b) Transparent isosurfaces of wall-attached structures with the wall-
parallel plane y+ = 110 at the same instance as the frame (a); a sample structure of negative u enclosed
by the green box in (a) is highlighted. (c) A top view of the instantaneous flow field in (b). (d) Con-
tours of u in the wall-parallel plane at y+ = 110. The blue line is a slice of the wall-attached negative-u
structures.

The uniform grid spacing corresponds to �x+ = 5.49 and �z+ = 4.13 in the streamwise and
spanwise directions, respectively, and the minimum and maximum grid sizes in the wall-normal
direction are �y+

min = 0.159 and �y+
max = 9.56. The time step is �t+ = 0.0504; details of the DNS

and the validation are provided in the study by Ref. [32]. We examine 2430 instantaneous flow fields
with the subdomain size of 11.7δ × 1.6δ × 3.2δ in x, y, z directions. Here, δ is taken at the middle
of the subdomain where the friction Reynolds number is Reτ = 980. The present TBL is spatially
developing along the streamwise direction; however, the Reynolds-number effect is negligible as
Reτ varies from 931 to 1039 over the subdomain.

B. Method for measuring meandering behavior

To investigate the long meandering behavior of wall-attached u structures, cluster detection and
conditional sampling techniques are applied to the three-dimensional instantaneous flow fields.
We define the clusters as the contiguous points of intense positive or negative u regions, i.e.,
u > 1.5urms or u < −1.5urms, where urms is the standard deviation of the streamwise velocity.
Further detailed descriptions of the identification methodology can be found in Ref. [46]. Figure 1
shows an instantaneous visualization of the three-dimensional u clusters whose minimum distance
from the wall (ymin) is close to zero (i.e., y+

min ≈ 0). These clusters are classified as wall-attached
structures because they physically adhere to the wall. As seen, we can observe wall-attached u
structures with a wide range of heights from the near-wall region to the outer region. There are
many tiny objects that resemble near-wall streaklike structures within the buffer layer. On the other
hand, we can also see very large objects that extend beyond the boundary-layer thickness. In the
present study, we focus on the identified structures that extend beyond y+ = 100; i.e., the heights
of the objects (ly) are larger than 100 wall units. Figure 1(b) displays a prospective view of the
flow field with the wall-parallel plane of u contours at y+ = 110. All the structures with l+

y less
than 110 are buried beneath the x-z plane. Thus, the tall wall-attached structures with l+

y > 110 can
be observed as shown in the top view [Fig. 1(c)]. As shown in Fig. 1(d), these structures meander
along the streamwise direction, especially across the logarithmic region, implying that they are
responsible for very long meandering signatures of positive and negative u in the logarithmic and
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FIG. 2. Instantaneous visualization of highly meandering wall-attached structure (negative u) extracted
from Fig. 1: (a) perspective view and (b) top view. (c) The projection (blue region) of the identified structure
onto the wall. Here, the green solid line represents the spine of the projection area (zspine), and the red dotted
line denotes the linear fit of the spine (zfit). (d) The variation of the spine about the linear fit (ξ = zspine − zfit).
The meandering magnitude is ξ2/δ = 0.26.

outer regions [13,14]. However, the degree of meandering tendency in each structure seems to be
remarkably different.

To quantify this wavy motion, we measure the meandering magnitudes of individual u structures.
Figure 2(a) illustrates a sample streaky structure of negative u that is located over 5.3 < x/δ < 9.6
and 0.5 < z/δ < 1.6 in Fig. 1. Herein, the sizes of each structure correspond to those of the
bounding box. The length (lx), height (ly), and width (lz) of the sample structures in Fig. 2(a) are
4.2δ, δ, and 1.1δ, respectively, representing a very large streaky u structure. Figure 2(b) shows a top
view of the extracted structure. As seen, the structure significantly meanders along the streamwise
direction. We measure the degree of meandering motion based on the projected area onto the wall
[Fig. 2(c)]. The spine location (zspine) of the projected area, denoted by the green solid line in
Fig. 2(c), is defined by measuring the mean spanwise location of the projected area at a given
streamwise location, that is, zspine = (zmax + zmin)/2, where zmax and zmin are the maximum and
minimum spanwise location of the projected area at every streamwise position. Then, the linear fit
zfit, denoted by the red dashed line in Fig. 2(c), is obtained from zspine. The waviness of zspine (ξ )
is defined as the difference in the spanwise location between zfit and zspine (i.e., ξ = zspine − zfit)
and is shown in Fig. 2(d). This methodology is similar to the work of Ref. [43], except that this
study quantifies the waviness of three-dimensional u structures without applying a Gaussian filter.
On the basis of the variation of the spine location with respect to its linear fit, we can quantify the
meandering magnitude of each object by measuring the root mean square of ξ (i.e., ξ2). Hence, the
meandering magnitude of the kth object is defined as

ξ2(k) =
(

1

lx(k)

∫ xmax

xmin

ξ 2(x; k)dx

)1/2

, (1)

where xmin and xmax denote the minimum and maximum streamwise location of the kth object,
and lx = xmax − xmin. Here, k is the index of the identified structures. The identified object in
Fig. 2 significantly meanders with ξ2/δ = 0.26. In addition, the angle of linear fit represents a
spanwise-inclined nature of streaky structures. In particular, the spanwise inclination angle in Fig. 2
is approximately 3.5◦, which is similar to that of VLSM in pipe flow [40,44]. The identification
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FIG. 3. (a) Instantaneous visualization of the wall-attached structure of negative u with ξ2/δ = 0.05.
(b) The variations of ξ with different meandering magnitudes according to (x − xmin)/lx .

method introduced in the present work measures the physical lengthscales (lx, ly, and lz) and ξ2 of
each structure in instantaneous flow fields. This method allows us to sample the velocity information
conditionally based on the structural features (i.e., meandering motions) of the instantaneous
coherent structures.

Figure 3(a) is an example of a weak meandering structure with ξ2/δ = 0.05. The length and
height of this object are lx/δ = 4.3 and ly/δ = 1.2, respectively, which are similar to those in
Fig. 2, but the meandering magnitude is extremely small. In other words, the fluctuation of the
spine location is weak, indicating that the structure is straight with respect to the linear fit of the
spine (zfit). Interestingly, the spanwise inclination angle of zfit is approximately 3.0◦, which is an
analogous manner to that for the severely meandering structure in Fig. 2. This result may indicate
that tall wall-attached u structures [i.e., ly ∼ O(δ)] possess a similar spanwise inclination angle
regardless of the meandering magnitudes.

To compare the ξ signal with a different streamwise length of wall-attached u structures, we
plot the variation of ξ according to (x − xmin)/lx in Fig. 3(b). Here, xmin is the most upstream
position of each object. There are three cases with different ξ2. The variations with ξ2/δ = 0.26
and 0.05 are obtained from the sample structures shown in Figs. 2(d) and 3(a), respectively. It
is evident that the signal of ξ2/δ = 0.26 (dark green) fluctuates from −0.2 to +0.2, whereas
the fluctuation magnitude of ξ2/δ = 0.05 (light green) is less than 0.1. This level of waviness is
also related to the spanwise size of each object. For example, the width of a highly meandering
structure [Fig. 2(a)] is lz = 1.1δ, which is much larger than that of a less meandering one [Fig. 3(a)]
with lz = 0.67δ. Notably, the spanwise inclination angle—the so-called helical angle [40]—can
also reflect the meandering motions of large-scale structures. In particular, given the streamwise
concatenation of large-scale structures [16,40,44], the spanwise offset of each large-scale structure
can lead to meandering flow patterns for very long structures in the logarithmic region [43]. In
the present work, we define the meandering magnitude (ξ2) as the waviness of al structure with
respect to its spanwise inclination, as described in Fig. 2. Hereafter, we will refer to the spanwise
inclination as the helical angle to distinguish it from ξ2, as defined in the present work. In the next
section, the influence of the meandering magnitudes on the spatial organization of wall-attached u
structures is examined statistically by measuring the sizes of all the identified structures in the TBL
data.
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FIG. 4. Joint probability density functions (PDFs) of the sizes of the meandering structures. (a) Streamwise
length (lx) of the structures as a function of the meandering magnitude (ξ2). (b) Spanwise width (lz) of the
structures as a function of ξ2. (c) Wall-normal height (ly) of the structures as a function of ξ2. (a)–(c) The
inserted dot indicates the mean meandering magnitude 〈ξ2〉 according to lx , lz, or ly. The horizontal dashed
lines represent ξ2/δ = 0.05 and 0.2. (d) Joint PDF of the helical angle as a function of ξ2. The inserted cycle
denotes the variation of the mean helical angle according to ξ2. The horizontal dashed line represents the helical
angle of 4.3◦. The contour levels are logarithmically distributed.

III. RESULTS AND DISCUSSION

A. Size of meandering structures

To further investigate the relation between the sizes of the identified structures and the meander-
ing motions, we plot the joint probability density functions (PDFs) of the sizes of the meandering
structures in Figs. 4(a)–4(c). As discussed above, the identified objects show a wide range of
ξ2 at a given size. In addition, ξ2 becomes widely distributed with increasing lx, lz, or ly. In
each panel, the inserted cycles represent the variation of the mean meandering magnitudes 〈ξ2〉.
As seen, the variations of 〈ξ2〉 increase gradually, indicating that the mean level of waviness is
greater in larger structures. However, 〈ξ2〉 flatten for tall structures (ly > 0.8δ) in Fig. 4(c), which
is similar to the results in low-momentum regions [43]. In particular, 〈ξ2〉 closes to 0.2δ (indicated
by horizontal dashed line) for ly > 0.8δ. The joint PDF in Fig. 4(c) shows that the wall-normal
height of the structures with ξ2/δ > 0.2 is greater than 0.3δ. This indicates that the wall-attached
structures with strong meandering motion extend beyond the logarithmic region. Given that these
tall structures are elongated along the streamwise direction [46,51,55], they are related to very
long meandering features observed in the logarithmic region; i.e., very-large-scale motions [16] or
superstructures [13]. Interestingly, the minimum streamwise length of the structures with ξ2/δ > 0.2
is approximately equal to δ [Fig. 4(a)], which corresponds to the nominal criteria for distinguishing
large-scale motions [2,13,29]. Moreover, the mean meandering magnitudes 〈ξ2〉 becomes greater
than 0.2δ for lx > 3–4δ similar to the streamwise length that differentiates large-scale motions and
very-large-scale motions [20–22,24,40]. Hence, the strong meandering (ξ2/δ � 0.2) wall-attached
structures can be considered large-scale motions or very-large-scale motions regarding the stream-
wise length.

Note that here we focus on the structural characteristic of meandering structures and demon-
strate the relationship between the physical sizes of the identified structures and their meandering
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magnitudes. Given that attached eddies in the logarithmic region sustain themselves simi-
lar to the self-sustaining cycle of near-wall coherent structures [36], it would be interesting
in future efforts to explore the time history of the meandering magnitude by tracking wall-
attached structures and surrounding vortical structures simultaneously. Furthermore, since very
long u structures experience a rapid sinuous meandering motion and regenerate vortical struc-
tures [36], a wide distribution of the meandering magnitudes at a given size, observed in
Figs. 4(a)–4(c), illustrates wall-attached structures at different stages of sinuous meandering
motion.

In this study, for simplicity, we classify wall-attached u structures into the following three
categories to examine the influence of the meandering magnitudes on the turbulence statistics:
weak meandering structures (ξ2/δ < 0.05); mild meandering structures (0.05 � ξ2/δ < 0.2); and
strong meandering structures (ξ2/δ � 0.2). The identified structures within the lowest ξ2 range of
ξ2/δ < 0.05 account for 80% of the total number of the structures that cross the logarithmic region
(i.e., l+

y > 100). In Fig. 4(c), ly of weak meandering structures are distributed from the near-wall
region to the edge of the boundary layer. As shown in Figs. 4(a) and 4(b), most of these structures
have small lx and lz, containing 21% of the total volume of the identified structures with l+

y > 100.
In contrast, for strong meandering structures (ξ2/δ � 0.2), they contain 28% of the volume even
though they occupy 2% of the total number of the structures with l+

y > 100. In other words, the
wall-attached meandering u structures that extend beyond the logarithmic region occupy a large
volume of intense u regions throughout the boundary layer. Note that the volume of each structure
was obtained by computing all the contiguous points within each object.

Figure 4(d) shows the joint PDF of the helical angle according to ξ2. The helical angle of each
structure is obtained from the spanwise inclination angle of zspine [Fig. 2(b)]. Here, we plot the
positive helical angle range because of the symmetry with respect to 0◦ [40]. Thus, the helical
angle of the identified structures is distributed over a wide range, but this range depends on the
meandering magnitudes. As seen, the large helical angle (>10◦) is observed for the mild meandering
structures (0.05 � ξ2/δ < 0.2), whereas the range of the distribution becomes narrow beyond
ξ2 > 0.2 (i.e., strong meandering structures). Interestingly, the mean helical angle is approximately
constant (≈4.3◦) regardless of ξ2, indicating that the wall-attached u structures are statistically
aligned along ±4◦ with respect to the streamwise direction. This result is consistent with the
previous works [40,44], which reported that long u structures are principally aligned along
the helical angles of 4◦–8◦ in turbulent pipe flows. It is worth noting that the helical angle
shown in the present work is obtained from the projection area of three-dimensional structures.
In contrast, the aforementioned works computed the helical angles based on the x-z plane in the
logarithmic region. Moreover, we demonstrate the constant mean helical angle of the identified
structures irrespective of their meandering behavior. This observation supports the conjecture that
wall-attached u structures statistically maintain their spanwise inclination angle when they undergo
the meandering motion.

It is worth mentioning that the results shown in Fig. 4 can be used to improve the attached-eddy
model (AEM) proposed by Refs. [57] and [58]. Recently, Ref. [44] found that the synthetic flow
fields generated through the AEM well represent the spatial organization of large-scale structures
when the AEM is aligned along their helical angles (i.e., the spanwise inclination angle with respect
to the flow direction) identified from the proper orthogonal analysis. In addition, Ref. [45] also
modified the AEM by considering the additional parameter related to the helical angles. Although
these previous works showed refinements to the AEM, they obtained the helical angle from the
wall-parallel plane. Given that the AEM [58] was conceived as a three-dimensional model based
on the hairpin packet concept [10], the relationship between the helical angle and the lengthscales
of three-dimensional structures is required for the AEM to reflect the spatial organization of the
coherent structures. In this regard, it would be instructive to refine the AEM in future efforts
by imposing scale-specific information for the spatial organization of three-dimensional struc-
tures.
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FIG. 5. (a) A sample wall-attached structure in Fig. 2. (b) Contours of instantaneous u in the x−z plane at
y/δ = 0.3. The contour levels are the same as in Fig. 1(b). The red line denotes a slice of the identified object in
(a). (c,d) Variations of the u signal at z/δ = 1.2 and x/δ = 6.7, indicated by the horizontal and vertical dashed
lines in (b), respectively. Here, the red solid lines represent u within the identified structure.

B. Conditional velocity correlations

The helical angles of coherent structures in the logarithmic region are attributed to a distinct
pattern in the two-point correlation of u. Given that the long meandering motions are positively and
negatively aligned along the streamwise direction, this behavior contributes to the presence of an
X-shaped pattern in the two-point correlation as reported previously [13,40,44]. In other words, this
distinct feature is a consequence of the superposition of positive and negative alignment of streaky
u regions in the logarithmic region. In this section, we will demonstrate this behavior through the
conditional two-point correlation by focusing on the streamwise velocity fluctuations carried by
positively or negatively aligned structures.

We conditionally sample the streamwise velocity fluctuations contained within the wall-attached
structures and label those signals according to the structures’ spatial characteristics (i.e., their sizes
and meandering magnitude). Figure 5(a) shows a sample u structure, and the wall-parallel slice
at y/δ = 0.3 is illustrated in Fig. 5(b). We extract the streamwise velocity fluctuations within the
bounded area of each structure, denoted by the red solid line in Fig. 5(b). Figures 5(c) and 5(d)
shows the raw u signals along the streamwise and spanwise directions, respectively. Here, the red
solid line denotes the streamwise velocity fluctuations contained within the identified structure. As
a result, the extracted signals can be labeled according to ξ2 at a given wall-normal location. We
could conditionally sample the streamwise velocity fluctuations associated with the meandering
motions by applying this procedure to all of the identified structures in the entire flow field. The
streamwise velocity fluctuations associated with the identified structures (uI ) for a given ξ2 range
with the helical angle are conditionally sampled from the entire flow field (u) based on the volume
of each cluster,

uI (x) =
{

u(x) if x ∈ �I ,

0 otherwise, (2)
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where x denotes the position x = (x, y, z) and �I indicates all of the positions contained within
the identified structure in a given instantaneous flow field; e.g., �I of the wall-attached structures
corresponds to all of the grid points within the isosurfaces shown in Fig. 1(a). In other words, the
domain size of the filtered flow field (uI ) is consistent with that of the unfiltered flow field (u).
Although the fluctuating signals outside of the conditionally sampled structures are zero-padded, u
changes rapidly near the structures’ edges [indicated by red dashed lines in Figs. 5(c) and 5(d)]. This
indicates that uI can retain the spectral characteristics of raw u signals even if we artificially impose
zero velocity outside of the identified structures [55]. Reference [59] also reported that the binary
representation of conditionally sampled negative-u signals could preserve the spectral information
of raw u because of the large changes in u at the edges of the identified structures.

The conditional two-point correlation is defined as

RuI uI (rx, y, rz; yref ) = 〈uI (x, yref, z)uI (x + rx, yref, z + rz )〉
〈uI (x, yref, z)uI (x, yref, z)〉 , (3)

where uI indicates the streamwise velocity fluctuations within the identified structures at a given
ξ2 range and helical angle. The present two-point correlation reflects the streamwise velocity
fields associated with the specific events and thus reveals the statistical structure of wall-attached
meandering u structures. As discussed in Sec. III A, uI can be classified into weak meandering
structures (ξ2/δ < 0.05), mild meandering structures (0.05 � ξ2/δ < 0.2), and strong meandering
structures (ξ2/δ � 0.2). Hence, the corresponding conditionally sampled u are uwm, umm, and
usm, respectively. The event uI is further conditioned according to the sign of the helical angle.
The present conditional correlation Eq. (3) is similar to the expression by Refs. [60,61], who
studied the conditional two-point correlations for positive and negative u regions. Similarly, we
can conditionally sample v or w within the specific instantaneous structures.

Figure 6 shows the conditional two-point correlations in the wall-parallel planes. Here, we
choose two wall-normal locations located at the logarithmic region (y+

ref = 110) and the outer
region (0.3δ+). The red and blue contour lines represent the conditional correlation for positive
and negative helical angles. At y+

ref = 110 [Figs. 6(a), 6(c) and 6(e)], it is evident that the red or
blue contour lines are aligned along a specific positive or negative angle, respectively, relative to the
streamwise direction. This result directly supports the idea that the X-shaped correlation observed
in the logarithmic region [13] is a consequence of long meandering u structures with helical
angles [40]. More importantly, the contours are aligned along a similar helical angle of 4◦, indicated
by solid lines, regardless of the meandering magnitude [Figs. 6(a), 6(c) and 6(e)]. The helical
angle that appears in the conditional correlation is an imprint of the dominant helical angle for
wall-attached u structures; this is also consistent with the mean helical angle obtained in Fig. 4(d).
The streamwise or spanwise extensions of the conditional correlation for the weak meandering
structures [Fig. 6(e)] are significantly shorter than the other cases [Figs. 6(a) and 6(c)]. However,
these conditional correlations exhibit a similar X pattern. In particular, the streamwise extension of
the lowest contour levels is approximately 6δ for the strong or mild meandering structures [Figs. 6(a)
and 6(c)], whereas those for the weak meandering one is less than 3δ [Fig. 6(e)]; the former is
associated with very-large-scale motions, while the latter is related to large-scale motions. This
result may, at least statistically, support the conjecture that the concatenation of large-scale motions
can be attributed to the formation of very-large-scale motions [16,24,40,44,62]. However, analysis
of the evolution of wall-attached u structures with focus on the helical angle when the merging event
occurs between the upstream and downstream structures is required for confirmation in this regard.

In the mild and strong meandering cases, we can observe the X-shaped correlations at the outer
region. This pattern is very similar to those observed in the logarithmic region [compare Figs. 6(b)
and 6(d) with Figs. 6(a) and 6(c), respectively]. It is worth highlighting that the X-like pattern is
observed in the two-point correlation of the total u in the outer region [45,61]. This reflects that
the wall-attached u structures with ξ2 > 0.05δ extend above the logarithmic region and meander
substantially even in the outer region (y/δ > 0.2–0.3). For the weak meandering case [Fig. 6(f)],
on the other hand, the inclination angle is much larger than the helical angles of 4◦, and the
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FIG. 6. Conditional two-point correlations in the x-z plane (y = yref): (a,b) 0.2 � ξ2/δ; (c,d) 0.05 � ξ2/δ <

0.2; and (e,f) ξ2 < 0.05. The blue and red lines represent the positive and negative helical angles, respectively.
The contour levels correspond to 0.02 and 0.04. The straight solid lines indicate the mean helical angle of ±4◦.

streamwise lengthscale is decreased compared to the correlation at y+
ref = 110 [Fig. 6(e)]. This

behavior is consistent with the wall-normal variation of the conditional correlation of large-scale
motions obtained through a spectral filter [44], representing that the weak meandering group mainly
consists of the wall-attached u structures with the mean streamwise length of 1–2δ [see Fig. 4(c)].

To further explore the conditional two-point correlation, we plot the cross-stream plane in Fig. 7.
Here, we only plot the negative helical angle case because the positive helical angle case is opposite
with respect to rz = 0. For comparison, we plot the two-point correlation of u (Ruu). At rx/δ = 0, the
two-point correlations are symmetrical with respect to rz = 0 regardless of the ξ2 range. However,

rz/δ
-0.8 -0.4 0 0.4 0.8
0

0.5

1 rx/δ = −1.5(b)

rz/δ
-0.8 -0.4 0 0.4 0.8
0

0.5

1 rx/δ = 1.5(c)rx/δ = 0(a)

rz/δ

y/
δ

-0.8 -0.4 0 0.4 0.8
0

0.5

1 ξ2/δ < 0.05

0.05 ≤ ξ2/δ < 0.2

0.2 ≤ ξ2/δ

FIG. 7. Conditional two-point correlations in the y-z plane for (a) rx/δ = 0, (b) rx/δ = −1.5, and (c) rx/δ =
1.5. Here, we plot the negative helical angle case corresponding to the blue contours in Fig. 6. The horizontal
dashed line indicates the reference wall-normal location y+

ref = 110. The line contour level corresponds to 0.02
and its color represents the conditional correlations for the different range ξ2. The shaded contours are Ruu =
0.02, 0.1, and 0.2.
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FIG. 8. Premultiplied two-dimensional energy spectra across the logarithmic region (y+ = 100, 110, 120,
and 130): (a,b) 	2D

uu ; (c,d) 	2D
uu,w; and (e,f) 	2D

uu,sm. The contour level corresponds to 0.4 times each of the
maxima. Light to dark shading denotes an increase in the wall-normal distance. The energy spectra are
plotted as a function of the wall-parallel wavelengths normalized by y (a,c,e) and δ (b,d,f). The dashed and
solid lines indicate λx/y ∼ (λz/y)2 and λx ∼ λz, respectively. In (b,d), the horizontal lines denote λz/δ = 1.5
and 1.1.

the conditional correlations are asymmetric at rx/δ = −1.5 and 1.5—e.g., the centroid of each line
contour is located at rz > 0 [Fig. 7(b)] and rz < 0 [Fig. 7(c)]. This result indicates that the identified
structures are statistically tilted across the flow. In addition, the two-point correlations for the mild
and strong meandering cases exhibit larger spanwise extents, as compared to Ruu, at all of the cross-
stream planes, implying that the wall-attached u structures with ξ2/δ > 0.02 comprise a longer and
wider range of scales. However, the conditional correlation shown in this section is a consequence
of a wide range of different scales. Thus, it is necessary to examine the spectral contribution of
turbulence motions according to the meandering magnitude. The following section discusses the
two-dimensional energy spectra in the logarithmic region to elucidate the relationship between the
X pattern observed in the conditional correlation and the energy distribution across the wall-parallel
wavelengths especially in large-scale ranges.

C. Two-dimensional energy spectra

The spectral contribution of turbulence scales to the streamwise variance is explored by comput-
ing the premultiplied two-dimensional energy spectrum of the streamwise velocity. Figures 8(a)
and 8(b) show the contours of the premultiplied two-dimensional spectrum of the streamwise
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velocity 	2D
uu that is expressed as

	2D
uu (kx, kz, y) = kxkz〈û(kx, kz, y)û∗(kx, kz, y)〉, (4)

where kx (= 2π/λx) and kz (= 2π/λz) are the streamwise and spanwise wave numbers, and û and
û∗ denote the Fourier coefficient of u and its complex conjugate. Here, the wall-normal distances
correspond to y+ = 100, 110, 120, and 130 located in the logarithmic region. Notably we focus
on the lower and upper bounds of the two-dimensional spectra by following Refs. [19,63,64] to
examine the energy distribution over the large-scale range, in light of Townsend’s attached-eddy
hypothesis. In particular, Ref. [63] modeled the two-dimensional spectra based on the attached-eddy
hypothesis, in which the energy contributed from the attached eddies is O(u2

τ ) over the spectral
range λ ∼ O(y) [19,65]. Given the self-similarity of the attached eddies, this spectral region should
be bounded by the linear relationship λx ∼ λz [64]. In this respect, we analyze the slopes of the two-
dimensional spectra isocontours, which can serve as the spectral signatures of self-similar motions.

In the large-scale range (λx/y > 10), we can observe that the contours are bounded by the two
parallel dashed lines, which represent the square-root relationship λx/y ∼ (λz/y)2 in Fig. 8(a). This
spectral behavior is consistent with the result of Ref. [19] in turbulent channel flow. In addition,
at very large streamwise wavelength λx/δ > 3, the spanwise wavelength of 	2D

uu is bounded by
λz/δ ≈ 1.5 [horizontal line in Fig. 8(b)]. The confinement of the spanwise wavelength with an
order of δ reflects that the spanwise growth of very-large-scale coherent motions is saturated as they
close to the edge of the boundary layer [19,50]. This argument is also supported by the work of
Ref. [46], which showed that the mean width of wall-attached u structures linearly increases with
the structures’ height (ly), but the mean width becomes constant as ly approaches δ. As shown in
Fig. 8(b), the upper bound of 	2D

uu is λz/δ ≈ 1.5, which is slightly lower than λz/δ ≈ 2–3 found in
turbulent channel flow [19]. This difference might be due to the entrainment of nonturbulent fluid
into the outer layers of TBL.

It is worth noting here that there is no evidence of the existence of self-similar motions in
the energy spectrum of the total u because the linear relationship (i.e., λx/y ∼ λz/y) is absent
in the large-scale range (λx/y > 10). The linear behavior in the energy spectrum was found in
Refs. [64,66] at high-Reynolds-number TBL (Reτ ≈ 2 × 104). Recently, Ref. [55] decomposed
wall-attached u structures into self-similar and non-self-similar objects based on their physical
sizes; self-similar structures have their heights over 3 Re1/2

τ < l+
y < 0.6δ+ and their mean lx and

lz are characterized by ly, whereas non-self-similar ones have the heights ly � 0.6δ and the mean
lx is greater than δ. They showed the linear behavior (λx ≈ 10λz) of the lower bound of the
two-dimensional spectra at a moderate Reynolds number (Reτ ≈ 1000) by extracting u signals
within wall-attached self-similar structures according to ly. We can see a similar linear relationship
in Figs. 8(c) and 8(d), which demonstrates the premultiplied two-dimensional spectra of the stream-
wise velocity within the wall-attached u structures 	2D

uu,w. As introduced in Fig. 5, we conditionally
sample the streamwise velocity based on the bounded volume of the identified structures. In other
words, in contrast to the work of Ref. [55], 	2D

uu,w not only includes the contributions from u
of wall-attached self-similar structures but also consists of u of wall-attached non-self-similar
structures. However, the lower bounds of 	2D

uu,w are roughly aligned along λx ≈ 10λz in both y and δ

scaling [Figs. 8(c) and 8(d)] over 10–20y < λx < 3δ. This spectral behavior indicates that although
the physical sizes (i.e., lx and lz) of wall-attached non-self-similar structures are characterized by δ,
these structures include the self-similar turbulence scales (i.e., λx ≈ 10λz) among a wide range of
scales. It also supports the concept of nested hierarchies that larger wall-attached u structures could
possess several smaller objects in physical space. For example, one large wall-attached u structure is
split into several small u structures when we increase the threshold or the isosurface level; see further
discussion provided by Refs. [46,51]. Thus, we could observe the linear relationship in Figs. 8(c)
and 8(d); even the spectral contribution of u within wall-attached non-self-similar structures is
included in 	2D

uu,w.
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For the upper bound of 	2D
uu,w in Fig. 8(d), the contour lines are aligned along the horizontal

line of λz/δ = 1.1, indicating that the spanwise scales of large motions are restricted, similar to
those observed in Fig. 8(b). However, the upper bound of 	2D

uu,w (λz/δ = 1.1) is slightly smaller
than that of 	2D

uu (λz/δ = 1.5). Given that 	2D
uu,w represents the spectral distribution of coherent

motions within wall-attached u structures, such a difference implies the existence of wall-detached
large-scale motions. In other words, the decrease of the largest spanwise wavelength in Fig. 8(d)
is due to the absence of the spectral contribution of u within wall-detached structures with a large
spanwise width. This conjecture is further supported by Ref. [49], which showed the existence of
wall-detached u structures with lz ∼ O(δ) in the outer region. In addition, Ref. [67] reported the
spectral contribution of wall-detached (or wall-incoherent) large scales in the energy spectrum.

It is important to note that Townsend’s attached-eddy hypothesis requires the linear relationship
for both the upper and lower bounds of the two-dimensional energy spectra in the large-scale range
in order to assure self-similarity. As discussed above, the upper bound of 	2D

uu,w does not follow the
linear relationship [Fig. 8(c)]. Such spectral behavior was observed at high Reτ flows [64,66]. At low
Reτ (≈1000), Ref. [55] showed the linear behavior of the upper bound in the large-scale range by
extracting wall-attached self-similar structures in instantaneous flow fields, but the range was very
narrow due to a low Reynolds number, i.e., the restriction of the spanwise growth of wall-attached
u structures.

To explore the spectral behavior of u contained within the strong meandering motion, the
premultiplied energy spectra of usm (	2D

uu,sm) are examined. Here, 	2D
uu,sm is defined as

	2D
uu,sm(kx, kz, y) = kxkz〈ûsm(kx, kz, y)û∗

sm(kx, kz, y)〉, (5)

where ûsm denotes the Fourier coefficient of usm and the asterisk indicates the complex conjugate. In
other words, a two-dimensional Fourier transformation of the conditional correlation in Figs. 6(a)
and 6(b) corresponds to the two-dimensional spectrum of usm at a given wall-normal distance,

〈ûsm(kx, kz, y)û∗
sm(kx, kz, y)〉 =

∫∫
Rusmusm (rx, rz, y)e− j2π (kxrx+kzrz )drxdry. (6)

Interestingly, we can observe a clear linear relationship (λx = 2λz) in the premultiplied energy
spectra of u within the strong meandering wall-attached structures (	2D

uu,sm) in Figs. 8(e) and 8(f).
In addition, the upper bound of 	2D

uu,sm scales well with both y and δ over a similar wavelength
range. This observation supports the spectral overlap argument of self-similar motions [68]. In
particular, the linear relationship appears over a broad range 10y < λz < 3δ [Fig. 8(f)], indicating
that the meandering motions can carry the energy at large spanwise scales λz > δ. Furthermore,
the transition of the upper bound from the square-root behavior to the linear behavior occurs at
λz ≈ 10y. This transition location is approximately similar to Ref. [64], which found the onset of
the linear relationship at λz > 10y in the two-dimensional spectra of the total u through the high-Re
TBL experiment (Reτ ≈ 26 000).

Due to the low Reτ of the present TBL data, there is insufficient space to preserve self-similar
motions with large spanwise scales (λz > δ) in the logarithmic region. However, the present result
shows that there exist self-similar motions with a lower aspect ratio (λx/λz ≈ 2) if we properly
extract these motions, which are contained within wall-attached meandering u structures. To further
support this argument, we examine the premultiplied two-dimensional energy spectra according to
the meandering magnitudes (ξ2). Figure 9 demonstrates the energy spectra of u contained within
the weak meandering, mild meandering, and strong meandering structures (	2D

uu,wm, 	2D
uu,mm, and

	2D
uu,sm). We plot the energy spectra at two wall-normal locations y+ = 100 and 150, corresponding

to the lower and upper limits of the logarithmic region, respectively. Here, the light to dark shading
denotes an increase in ξ2. Evidently, all the contours collapse well over λx/y < 10–20 regardless
of the meandering magnitudes, but the contours of 	2D

uu,wm differ from the others. Interestingly, the
contour lines in the upper right-hand corner are more inclined to the λz direction with increasing the
meandering magnitudes. Reference [13] observed similar behavior in the two-dimensional spectra
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FIG. 9. Premultiplied two-dimensional energy spectra at y+ = 110 (a,b) and 150 (c,d). The contour level
corresponds to 0.4 times each of the maxima. The energy spectra are plotted as a function of the wall-parallel
wavelengths normalized by y (a,c) and δ (b,d). The dashed and solid lines correspond to those in Fig. 8.

of synthetic sinusoidal u signals. Still, there was no linear relationship between λx and λz since u
signals were synthesized based on sinusoidal functions.

It is evident that 	2D
uu,wm (light green contour) is consistent with 	2D

uu,w in Figs. 8(c) and 8(d),
which is the energy spectra of u within wall-attached u structures. For 	2D

uu,wm, there is no linear
behavior of the upper bound, rather the energy distribution of the large spanwise scale is restricted by
λz/δ = 1.1 in an analogous manner to that for 	2D

uu,w. Given that most of the wall-attached structures
exhibit the meandering magnitude less than 0.5 (see Fig. 4), 	2D

uu,wm resembles 	2D
uu,w, which in turn

contributes to the absence of λx ≈ 2λz behavior in 	2D
uu,wm over the large-scale range.

On the other hand, the linear relationship λx ≈ 2λz is observed for 	2D
uu,sm (dark green contour),

which indicates that to assure the λx ≈ 2λz behavior, ξ2 should be at least greater than 0.05δ. As
discussed above, the spanwise scales of wall-attached structures need to be larger than δ for the
presence of this behavior at the present Reynolds number. In Sec. III A, we find that the width of the
weak meandering structures is less than δ [see Fig. 4(b)], whereas that of the mild meandering
or strong meandering groups includes the structures with lz > δ. Therefore, the present results
demonstrate that the spanwise growth of energy-containing motions in the logarithmic region can
be saturated as their heights approach δ, but the strong meandering structures (e.g., ξ2 > 0.2δ) have
a large spanwise scale compared to their streamwise scale. Moreover, these severely meandering
structures contribute to the linear spectral behavior, which is the requirement for self-similarity
predicted by the attached-eddy hypothesis.

It is worth highlighting that the structural-based turbulence model based on Townsend’s hypoth-
esis is a conceptual model that describes the kinematics of wall turbulence in terms of representative
eddies in the logarithmic region [54]; that is, these eddies are considered statistical structures that
represent the gross features of an assemblage of eddies at a different stretching stage [42,57].
Furthermore, Townsend’s hypothesis assumes inviscid flows with an asymptotically high Reynolds
number. As a result, this model cannot fully explain the dynamics of the (large-scale) coherent
structures that occur in real turbulent flows. To overcome these limitations, it is necessary to examine
their dynamics and interactions with other scales, which can provide us with the information needed
to improve the attached-eddy model and develop a new flow control strategy. Given that attached
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FIG. 10. Premultiplied one-dimensional spanwise energy spectra: (a) 	1D
uu (shaded contour) and 	1D

uu,w (line
contour); and (b) 	1D

uv (shaded contour) and 	1D
uv,w (line contour). The contour levels are 0.25, 0.4, 0.55, and 0.7

times of each maximum. The near-wall part of large scales is highlighted with an inserted box. The horizontal
dashed line denotes y+ = 30.

eddies in the logarithmic region sustain themselves similarly to the self-sustaining cycle of near-wall
coherent structures [69], it would be interesting in future efforts to explore the dynamic behavior
of the meandering motions of wall-attached structures and the surrounding vortical structures
simultaneously. Since very long u structures experience a rapid sinuous meandering motion and
regenerate vortical structures [69,70], the meandering magnitudes could be an indicator representing
a stage of sustaining cycle of wall-attached structures.

D. Footprints of meandering motions

In this section, we further discuss the near-wall part (i.e., footprint) of the large-scale meandering
structures, which is essentially associated with the “inactive” component of the attached eddies [41].
Townsend [41] described attached eddies as active and inactive motions depending on whether such
eddies are responsible for generating the Reynolds shear stress. Due to the wall’s impermeable
boundary condition, the near-wall part of attached eddies (i.e., y/ly ≈ 0, where ly is the height of
attached eddies) is blocked by the wall, which leads to v ≈ 0 and nonzero values for the wall-parallel
velocity components. In other words, all attached eddies can be active over the region where the
wall-normal distance is close to the center of attached eddies (yc ≈ ly/2), whereas large and tall
attached eddies can have an inactive part close to the wall (e.g., y < yc) if it contributes to the
Reynolds shear stress smaller than other scales [65,71,72]. Given that the meandering motions of
long u structures are responsible for the generation of v through the breakdown of the meandering
motions [69], one could conjecture that the strong meandering structures, whose mean heights are an
order of δ, that were identified in the present work contain relatively intense v in the outer region. In
addition, Ref. [39] noted that the meandering motions of superstructures in the outer region extend
down to the wall, which leads to a strong streamwise gradient of u in the near-wall region. This
implies that the footprint of strong meandering structures also meanders in the near-wall region
and that such footprints can contribute to the momentum transfer. Therefore, we further analyze the
turbulent motions contained within the near-wall part of strong meandering structures by focusing
on the energy spectra of the streamwise velocity fluctuations and the Reynolds shear stress in the
near-wall region.

The gray contours in Figs. 10(a) and 10(b) show the premultiplied one-dimensional spanwise
spectra of u and uv (	1D

uu and 	1D
uv ). The inserted box denotes the region of interest, where y+ < 50

and λ+
z > 0.4–0.5δ+. In Fig. 10(a), we can decompose the spectral domain into small- and large-

scale ranges with the cutoff wavelength λ+
z = 0.4–0.5δ+ because this value demarcates the inner

and outer peaks [32,73]. This is close to the mean spanwise size of large-scale outer structures
observed in the two-point correlation of u (see the gray contours in Fig. 7). We can also observe
the existence of large scales in the near-wall region, indicating the superimposed large scales of
the near-wall footprints [13,27]. Given that these (very) large scales carry a significant amount of
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the Reynolds shear stress in the outer region [20,21,24], we can describe these motions as active
in the outer region where the wall-normal distance is close to their center (y ≈ yc), in the view of
Townsend [41]. Figure 10(b) expresses the one-dimensional spectrum of the Reynolds shear stress,
which shows that the energy contained within the large-scale motions is located in the outer region.
On the other hand, the contours of 	1D

uv do not extend down to the wall, representing that the large
scales are relatively inactive in the near-wall region compared to the smaller scales at the same
wall-normal distance [27,65,72].

The green contours in Fig. 10 illustrate the one-dimensional spanwise energy spectra for the
strong meandering motion. Figure 10(a) presents the spectrum of usm (	1D

uu,sm), which was ob-
tained by integrating the two-dimensional energy spectra along the streamwise wavelength, and
it shows that the lowest isocontours in the large-scale range extend down to the wall. This feature
demonstrates that the superimposed large scales in the near-wall region were similar to those of
	1D

uu (gray contour) but that the footprint of the meandering structures contained a much wider
spanwise wavelength (λz ≈ 2δ). We plot the spectrum of the Reynolds shear stress for the strong
meandering motion 	1D

uv,sm [green contours in Fig. 10(b)] to discern whether the footprint of the
strong meandering motion can carry the Reynolds shear stress. As seen, 	1D

uv,sm extend to wider λz

in the near-wall region (compare with 	1D
uv ), representing that the wider wavelengths have energy

from the near-wall region to the outer region that is similar to those observed in 	1D
uu . Here, we plot

the energy spectra normalized by each maximum in order to examine the relative contribution of
turbulent motions within the meandering structures. Hence, the existence of large-scale contribution
does not imply that the near-wall large-scales significantly contribute to the total Reynolds shear
stress because of the absence of such a contribution in 	1D

uv contours. However, this result indicates
that the footprints of the large-scale meandering motion carry both u and (some) v, and they are
responsible for some amount of the Reynolds shear stress in the near-wall region (y+ < 50). This
spectral range is similar to the positive turbulent transport found in Ref. [74], which examined the
spanwise spectrum of the turbulent transport and observed a nonzero energy transfer carried by
large λz in the near-wall region. In addition, Ref. [36] observed the migration of near-wall streaks
under outer large-scale roll motions that ultimately induce strong ejection events. In this sense, it
is conjectured that the near-wall momentum transport over large scales is related to the amplitude
modulation of small scales of wall-normal fluctuations [31,32] because of the meandering footprints.
Notably, the non-negligible contribution of near-wall large scales in 	1D

uv,sm does not necessarily
indicate that these motions are active in the near-wall region. Rather, they carry a minor amount of
the Reynolds shear stress.

Additionally, 	1D
uv,sm in Fig. 10(b) shows that there is some wall-normal variation of 	1D

uv,sm in the
near-wall region (i.e., the wall-normal gradient of the Reynolds shear stress spectrum ∂	1D

uv,sm/∂y,
also called the premultiplied net force spectrum) [20,21,75]. In the streamwise mean momentum
equation, −∂〈uv〉/∂y accelerates or retards the mean flow as the net fictitious force exerted by the
Reynolds shear stress [2,20,76]. Therefore, we can imagine that the meandering footprints could
locally accelerate or retard the near-wall velocity fields and that this behavior could be associated
with the amplitude or frequency modulation of near-wall small scales [29,32,77,78]. Moreover, we
can surmise that the large-scale meandering structures tend to be straight along the streamwise
direction because the long streaky u structures are amplified and aligned along the streamwise
direction as a result of the interaction with v structures [69]. In this manner, the meandering
footprints could potentially lead to local acceleration or deceleration effects in the near-wall region.
In future efforts, a more in-depth study is needed to observe the interactions between large-scale
dynamics and near-wall cycle by focusing on the meandering footprints of large scales.

Finally, it is worth mentioning the recent progress in our understanding of large-scale motions
in connection with Townsend’s attached-eddy hypothesis [41]. Several recent works attempted to
generalize the attached-eddy hypothesis. For example, Ref. [72] tried to link this hypothesis (i.e.,
actually inviscid theory because it assumes Reτ → ∞) with the mesolayer concept [76,79] by
focusing on the inner-scaling nature of the inactive part of large-scale structures. Reference [80]
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suggested more generalized characteristic scales of attached eddies based on the mean momentum
balance in the fully developed channel flow. Reference [67] used stochastic spectral filters for a
wide range of Reτ to provide a more general description for the one-dimensional streamwise energy
spectra and the streamwise turbulence intensity profile proposed by Refs. [68] and [81]. In addition,
Ref. [82] revisited the spectral overlap argument [68,83] and suggested a more general condition for
the spectral overlap region in the one-dimensional streamwise energy spectra.

Although the research has led to much progress on large-scale structures during the past decades,
researchers still face an open challenge to combine the findings (both kinematics and dynamics of
large-scale structures) and explain them in the viewpoint of Townsend’s theory. Specifically, these
studies cover (i) the superposition of large scales in the near-wall region [13,27], (ii) the associated
scaling failure of near-wall turbulence intensities [84,85], (iii) the amplitude and frequency mod-
ulations of near-wall small scales [29,77,78], and (iv) the inner-outer interactions (i.e., top-down
and bottom-up interactions) between large-scale dynamics and near-wall cycles [36,86]. Although
this work does not directly or thoroughly touch upon these topics, we expect that it will provide
an important link for future work because the superimposed meandering motions of large-scale
structures in the near-wall region are responsible for the inner-outer interactions and associated
modulation effects. Hence, this topic remains an essential theme for future work.

IV. CONCLUSIONS

We have investigated the influence of meandering motions of wall-attached u structures on
the two-point correlation and the premultiplied two-dimensional spectra in the logarithmic region
by examining the DNS data of the zero-pressure-gradient TBL at Reτ ≈ 1000. The meandering
motions of three-dimensional u structures that are physically attached to the wall were quantified by
extracting the spine from the projected area in the wall-parallel plane. We have shown that the mean-
dering magnitudes ξ2 differ significantly among the identified structure, even when their heights (ly)
are similar. This observation reflects that the identified structures are at different stages of sinuous
motions. In addition, the minimum length, height, and width of the strong meandering structures
(ξ2/δ � 0.2) are greater than δ, 0.3δ, and 0.5δ, respectively, indicating that these strong meandering
structures can be considered as large-scale motions or very-large-scale motions that extend across
the logarithmic region. Interestingly, the mean spanwise inclination angle was approximately 4.3◦
regardless of ξ2. This result implies that the wall-attached u structures are not only statistically
aligned along a certain angle [40,44], but they may maintain their spanwise inclination angle when
they undergo the meandering motions.

The conditional two-point correlations for the positive and negative spanwise angles show a
distinct X pattern in the logarithmic region. They are aligned with a similar spanwise offset of
4◦, regardless of the meandering magnitudes. This observation directly supports the findings by
Ref. [13], which showed the X-shaped correlation through the synthetic sinusoidal u signals that
modeled the meandering motions of long u streaks in the logarithmic region.

The premultiplied two-dimensional spectra of the streamwise velocity fluctuations were exam-
ined by conditionally sampling the velocity fluctuations contained within the meandering motions
usm to explore how the wall-attached structures’ meandering motions influenced the spectral behav-
iors over the large-scale range (λx/y > 10) in the logarithmic region. The two-dimensional spectra
of usm (	2D

uu,sm) show a clear linear relationship λx ≈ 2λz over a broad range 10y < λz < 3δ, which
is absent from the two-dimensional spectra of the total u (	2D

uu ). In 	2D
uu , the spanwise scale is

bounded by λz/δ ≈ 1.5 at very large streamwise wavelengths of λx > δ. The confinement of the
spanwise wavelength with an order of δ reflects that the spanwise growth of very large scales
becomes saturated as they reach the edge of the flow thickness. The linear relationship observed
in 	2D

uu,sm indicates that not only does the wall-attached u structure with strong meandering motions
(ξ2/δ � 0.2) contain the energy at large spanwise scales but the motions also are self-similar. As
the meandering magnitudes increase, the contour lines of the spectra become more inclined toward
the λz direction; however, the linear behavior is only observed for the strong meandering structures.
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Thus, we demonstrate that the spanwise growth of energy-containing motions in the logarithmic
region can be saturated as their heights approach the boundary-layer thickness. This saturation,
in turn, contributes to the absence of linear behavior for the upper bound of the two-dimensional
spectra at moderate Reynolds numbers. Moreover, the spanwise scales of the spectral energy carried
by the tall wall-attached u structures depend on the structures’ meandering behaviors. In particular,
the strong meandering structures contain self-similar motions reminiscent of Townsend’s attached
eddies.

To further discuss the near-wall part (i.e., footprint) of the strong meandering structures, which
is associated with the “inactive” part of attached eddies [41], we explored the premultiplied one-
dimensional spectra of the Reynolds shear stress carried by the meandering structures 	1D

uu,sm. In
contrast to 	1D

uv , 	1D
uv,sm extends to wider λz in the near-wall region, representing that the wider

wavelengths have energy from the near-wall region to the outer region similar to those observed
in the one-dimensional spectrum of u. This result indicates that the footprints of the large-scale
meandering motion carry both u and (some) v, and are responsible for some of the Reynolds
shear stress in the near-wall region (y+ < 50). In this sense, it is conjectured that the near-wall
momentum transport over large scales is related to the amplitude modulation of small scales of
wall-normal fluctuations because of the meandering footprints. In future efforts, we expect that
examining the dynamics of wall-attached structures and surrounding vortical structures by focusing
on the meandering magnitude will facilitate deeper insights into energy transfer via wall-attached
structures, leading to developing a new flow control strategy.
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