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ABSTRACT

Wall-attached structures of the streamwise velocity fluc-
tuation (#) in a turbulent boundary layer (TBL) over a stag-
gered array of cubical roughness elements with a large relative
height (k/8 = 0.12) are investigated using direct numerical
simulation (DNS) at Re; =~ 700. A smooth-wall TBL DNS is
analysed for comparison. Wall-attached u structures are identi-
fied from instantaneous flow fields and classified into y- and 8-
scaled structures according to their wall-normal height. The y-
scaled structures are geometrically self-similar, and their two-
dimensional spectra exhibit an approximately linear relation-
ship between the streamwise and spanwise wavelengths (A
and A;). For the §-scaled structures, the smooth wall shows
limited spanwise growth for A, > &, whereas the rough wall
exhibits a clearer linear trend, A, ~ A,. Nevertheless, energetic
spectral ridges for both y- and §-scaled structures collapse well
and align along a linear relationship over 4.5y < A, < 38 in
both cases, where y' is the wall-normal distance from the vir-
tual origin. Integration over this energetic self-similar band
shows that self-similar motions dominate the logarithmic vari-
ation of the streamwise turbulence intensity and are enhanced
over the rough wall. The identified structures reveal amplified
meandering over the rough wall, particularly for very large and
long structures. As meandering increases, the upper bound
of the two-dimensional spectra approaches A, ~ A;, suggest-
ing that amplified meandering redistributes energy towards
larger A, at long A, and thereby contributes to the enhance-
ment of self-similar motions and the logarithmic variation of
the streamwise turbulence intensity.

Introduction

The behaviour of turbulent boundary layers (TBLs) over
urban- or vegetation-like rough surfaces is strongly altered by
the presence of roughness obstacles (Jiménez, 2004). Over
sufficiently rough walls, the viscous sublayer is effectively re-
placed by a roughness sublayer, and turbulence production is
governed by roughness-induced shear layers and wakes rather
than by the canonical smooth-wall near-wall cycle (Raupach
et al., 1991). Despite these pronounced near-wall modifica-

tions, whether the outer region remains similar to that over
a smooth wall is still debated, particularly for surfaces com-
posed of large three-dimensional roughness elements whose
height is not negligible relative to the boundary-layer thick-
ness (Krogstadt & Antonia, 1999; Lee et al., 2011; Ahn et al.,
2013).

Cubical roughness has often been adopted as an idealised
model of urban-like terrain. Previous studies have shown that
such roughness modifies not only near-wall motions, such as
low-speed streaks and quasi-streamwise vortices, but also co-
herent motions in the outer region (Coceal et al., 2007; Lee
et al., 2011). In particular, the organisation and coherence of
outer low-momentum regions can differ from those in smooth-
wall turbulence, suggesting that the influence of cubical rough-
ness is not confined to the near-wall region, especially when
the relative roughness height is large.

A central issue in the logarithmic and outer regions con-
cerns very large-scale motions (VLSMs) or superstructures,
which carry a substantial fraction of turbulent kinetic en-
ergy and Reynolds shear stress (Kim & Adrian, 1999; Guala
et al., 2006; Balakumar & Adrian, 2007). These motions are
known to meander strongly in the spanwise direction, which
affects their apparent streamwise extent in conventional statis-
tics (Hutchins & Marusic, 2007). Over rough walls, previous
studies suggest that superstructures persist but with modified
coherence and organisation. However, most of these conclu-
sions have been drawn from statistical analyses, such as two-
point correlations, POD and spectra, and less is known about
how individual coherent structures are modified by roughness
(Wu & Christensen, 2010).

To better understand the significance of VLSMs or su-
perstructures in the logarithmic region, it is useful to also
consider them from the perspective of Townsend’s attached-
eddy hypothesis (AEH), which interprets the logarithmic re-
gion in terms of hierarchies of self-similar wall-attached mo-
tions (Townsend, 1976; Perry et al., 1986). Within this frame-
work, the logarithmic variation of the streamwise turbulence
intensity is regarded as a signature of self-similar energy-
containing motions. VLSMs or superstructures have often
been viewed as non-self-similar d-scaled motions that obscure
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this signature (Yoon et al., 2020; Hwang et al., 2020; Desh-
pande et al., 2021). More recent studies, however, suggest
a closer connection between superstructures and self-similar
motions. Using high-Reynolds-number TBL data, Deshpande
et al. (2023) showed that superstructures comprise smaller
self-similar coherent motions, while Hwang & Lee (2022)
showed that stronger meandering of wall-attached u structures
is associated with energy distributed towards larger A, at long
Ay, thereby promoting a linear relationship between A, and A,
in the logarithmic region.

These observations, together with the finding of Choi
et al. (2020) that increasing the height of cubical roughness
modifies the organisation and spanwise merging of large-scale
streaky motions in the logarithmic region, motivate a direct
structural investigation of TBLs over cubical roughness. In our
recent DNS of a TBL over cubical roughness with a large rela-
tive roughness height (k/8 = 0.12), the streamwise turbulence
intensity exhibited a clear logarithmic variation even at moder-
ate Reynolds number, whereas the corresponding smooth-wall
case did not show such a clear behaviour (Yoon, 2024). The
objective of the present study is therefore to examine, from
a structural viewpoint, how cubical roughness modifies wall-
attached u structures, with particular emphasis on the mean-
dering of very large-scale structures, and how such modifi-
cations are related to enhanced self-similar motions and the
logarithmic behaviour of the streamwise turbulence intensity.
To this end, we analyse DNS datasets of smooth- and rough-
wall TBLs, identify wall-attached u structures, and compare
the self-similar motions ingrained within them.

NUMERICAL DETAILS

In the present study, DNS datasets of zero-pressure-
gradient TBLs over a smooth wall (Hwang & Sung, 2017) and
over cubical roughness elements (Yoon, 2024) are analysed.
The simulations were performed by solving the incompress-
ible Navier—Stokes equations using the fractional-step method
of Kim et al. (2002). For the rough-wall case, cubical rough-
ness elements were represented using an immersed boundary
method with discrete forcing (Kim ez al., 2001). More de-
tailed descriptions of the numerical method and its validation
are available in Yoon (2024).

The rough surface consists of periodically staggered cu-
bical elements with a plan area density of A, = 25% and a
large relative roughness height of k/6 = 0.12, where £ is the
cube height and 9§ is the boundary-layer thickness. The vir-
tual origin € is determined following Jackson (1981), and the
wall-normal distance from the virtual origin is denoted by
y' =y — &. For the smooth-wall case, € = 0, so that y’ = y. For
the present analysis, a subdomain satisfying self-preserving
conditions were extracted from the rough-wall DNS datasets.
The analysed rough-wall and smooth-wall cases correspond to
Re; =~ 700 and Re; ~ 800, respectively.

RESULTS AND DISCUSSIONS

To analyse wall-attached structures in TBLs over cubical
roughness, we identify three-dimensional clusters of the in-
stantaneous streamwise velocity fluctuation (#) by extracting
contiguous regions of intense # (Hwang & Sung, 2018, 2019).
In the three-dimensional flow field, a cluster is defined as a
connected set of grid points satisfying

u(x) > a”rms(yl) or u(x)< 7aunns(y/)a (€Y
where uys is the standard deviation of streamwise velocity

and « is a threshold. Individual clusters are extracted using a
six-neighbour connectivity rule, in which nodes are connected
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Figure 1. Identified wall-attached u structures in an instanta-
neous flow field for the smooth-wall case (a) and rough-wall
case (b). The wall-attached positive- and negative-u structures
are shown in green and purple, respectively, and dark shad-
ing indicates the proximity to the wall. (¢,d) Contours of u in
the wall-parallel plane at y* = 100 at the same instant as in
(a,b). The black solid lines denote the intersection of the wall-

attached negative-u structures with the plane.
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Figure 2. Contours of JPDF of the logarithms of (a) the
streamwise length (/) and () the spanwise width (/;) of wall-
attached structures with respect to their wall-normal height
(ly). Here, coloured and line contours denote the smooth- and
rough-wall cases, respectively. The inserted circle symbols in-
dicate mean length (({/;)) and width ({/;)) at a given I, and
the vertical lines represent l;r ~ 100 and 0.66". In (a), the
red dashed lines denote (I,) ~ 18'74 and (ly) ~ lyl'lo, and black
horizontal line represents (I;)™ ~ 38*. In (b), the red dashed
line indicates (I;) = I,.

through their six orthogonal neighbours in Cartesian coordi-
nates. The threshold is set to o = 1.5 based on the percola-
tion transition of the clusters (Hwang & Sung, 2018; Jae et al.,
2025).

The extracted clusters are classified as wall-attached or
wall-detached according to whether they are physically an-
chored to the wall, following our previous study (Hwang &
Sung, 2018). For the rough-wall case, structures attached to
the cube surfaces are also regarded as wall-attached. Fig-
ure 1(a,b) shows instantaneous three-dimensional iso-surfaces
of the wall-attached structures in the smooth- and rough-wall
cases. Green and purple denote positive- and negative-u struc-
tures, respectively, and the shading from light to dark indicates
increasing proximity to the wall. In both cases, wall-attached
structures span a wide range of wall-normal heights, from the
near-wall region to the outer region.

Figure 1(c,d) shows contours of u in a wall-parallel plane
at Y = 100 in the logarithmic region, taken at the same in-
stant as in figure 1(a,b). In both cases, elongated negative-
u regions are observed in the streamwise direction, but the
rough-wall case exhibits more pronounced spanwise mean-
dering. The black solid lines, indicating the intersections of
the wall-attached negative-u structures with the plane, further
show that these structures underlie the very long meander-
ing signatures observed in the logarithmic and outer regions
(Hutchins & Marusic, 2007). These observations motivate a
quantitative examination of the geometrical characteristics of
the wall-attached structures.
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First, we examine the physical sizes of the wall-attached
structures to compare their geometrical characteristics be-
tween the smooth- and rough-wall cases. The streamwise
length (I) and spanwise width (/;) of each structure are defined
as the dimensions of its bounding box, while the wall-normal
height (ly) is defined as the maximum wall-normal distance
from the virtual origin, i.e. Iy = ymax — €. For the smooth-
wall case, € = 0, so that /, = ymax. Figure 2 shows the joint
probability density functions (JPDFs) of /, and /; as functions
of ;. In both cases, the wall-attached structures span a wide
range of /,, from the near-wall region to the outer region, and
their wall-parallel sizes increase with increasing /,. Compared
with the smooth-wall case, however, the rough-wall case ex-
hibits shorter /; over the entire range of /,, implying a steeper
streamwise inclination of the structures (Lee et al., 2011). In
addition, relatively wider structures are more prevalent in the
rough-wall case at a given [.

The circles in figure 2 show the mean length ((/;)) and
width ({L)) at a given ly. For [ < 100, clear differences are
observed between the two cases, reflecting the strong influence
of roughness near the wall. Over the range 100 < l;' <0.68",
however, the two cases show good agreement in (l;), which
follows the linear relationship (I;) = I,, consistent with previ-
ous studies (Hwang & Sung, 2018; Hwang et al., 2020). In
contrast, (/) exhibits power-law behaviours, following (ly) ~
1974 for the smooth-wall case and (I,) ~ lyl'10 for the rough-
wall case. Although the growth rate of () differs, both (L)
and (/) scale with /, in this range, indicating that these struc-
tures are geometrically self-similar.

For [} > 0.65", (I) deviates from this trend and, for
ly+ > &, approaches a constant value of (I;)™ ~ 36™". These
very tall structures are therefore geometrically non-self-similar
and can be associated with large-scale motions (LSMs) and
VLSMs (Hwang et al., 2020; Yoon et al., 2020). Based
on these scaling characteristics, we classify the wall-attached
structures into three groups: buffer-layer structures for l;" <
100, y-scaled structures for 100 < l;,r < 0.68%, and §-scaled
structures for 0.66 " < [} Since the focus of the present study
is on the logarithmic region, the following analysis concen-
trates on the y-scaled and d-scaled structures.

The previously defined length (/) and width (/;) of the
structures correspond to the dimensions of the bounding box
of each object in physical space. In other words, these geomet-
ric measures do not necessarily reflect a characteristic length
scale associated with turbulent motions ingrained within the
identified structure at a given wall-parallel plane (Y < 1),
since the structures are inclined relative to the wall and con-
tain a broad range of scales in the spectral domain (Hwang
et al., 2020). Spectral analysis is therefore required to assess
whether the large scales ingrained within the classified struc-
tures exhibit spectral-overlap behaviour in the logarithmic re-
gion (Perry et al., 1986), characterised by a linear relationship
between A, and A;, and whether these ingrained self-similar
motions contributes to the logarithmic variation of the stream-
wise turbulent intensity. The pre-multiplied two-dimensional
spectrum of each classified structure, CI>§D and CI?%D, is defined
as

q)lZD(k)ﬁkZ?yl) = kka <ﬁi(kX7kzay/)ﬁi(kx’kby/)> ’ (2)
where the subscript i € {y,0} denotes each classified struc-
ture and u; represents the conditionally sampled u within each
structure. The superscript asterisk () and the hat symbol (%)
indicate the complex conjugate and the Fourier coefficient, re-
spectively.

Figure 3 compares the premultiplied two-dimensional
spectra of the conditionally sampled streamwise velocity
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Figure 3. Premultiplied two-dimensional energy spectra
across the logarithmic region (y/* = 90, 100 and 110): (a,b)
smooth-wall case; (c,d) rough-wall case. Panels (a,c) show
the spectra of the y-scaled structures, whereas panels (b,d)
show those of the §-scaled structures. In each panel, the
left and right subpanels show the spectra plotted in terms of
the wall-parallel wavelengths (A, ;) normalised by y’ and by
§, respectively. Dark-to-light shading indicates increasing y'.
The contour level is 0.2 and 0.4 times the local maximum at
each wall-normal location. The spectra in each panel are plot-
ted as functions of the wall-parallel wavelengths (A, A;) nor-
malised by y' and by 8. The dashed and solid lines denote
(Ae/Y)/2 ~ (A,/y') and A, ~ A, respectively.

within the y- and J-scaled structures across the logarithmic
region (7 = 90, 100, and 110) for the smooth- and rough-
wall cases. For the y-scaled structures (figure 3a,c), although
the physical sizes of the y-scaled structures differ between
the smooth- and rough-wall cases, the spectra show broadly
similar behaviour, suggesting that the turbulent motions in-
grained within them remain largely unchanged. In both cases,
the constant-energy contours follow a square-root behaviour,
(Ax/y')Y/2 ~ (X./Y'), over the intermediate range (y/ < A, <
10y"), while in the larger-scale range (4, > 10y’) they approach
a linear relationship, indicating the presence of self-similar
energy-containing motions.

A clearer difference appears for the §-scaled structures
(figure 3b,d). For the smooth-wall case, the upper bound
of the constant-energy contours becomes nearly horizontal in
the large-scale range, indicating limited spanwise growth for
A; > 8. In the rough-wall case, by contrast, the upper bound
follows an approximately linear relationship, Ay ~ 4., imply-
ing that the turbulent motions within the J-scaled structures
extend to larger spanwise wavelengths while retaining self-
similar organisation. Nevertheless, in both cases the 40%
contour lines follow the linear lower bound (4, ~ A;) over a
narrow large-scale range of 15y’ < A, < 38, suggesting that
although the §-scaled structures are geometrically non-self-
similar (as shown in figure 2), they can still contain self-similar
energy-containing motions, albeit over a narrow range.

To further examine the self-similar motions ingrained
within the y- and §-scaled structures, we analyse the spectral
ridges of ®2° and 3P, following Hwang et al. (2020). Fig-
ure 4 shows the energetic ridges at y'* = 100 for the smooth-
wall case (figure 4a,b) and the rough-wall case (figure 4c,d).
Here, each ridge is defined by the value of A, at which <I>,-2D
attains its maximum for a given A,, with the dark and light
circles denoting the ridges of <I>§D and dD(ZSD, respectively. In
both cases, the two ridges collapse reasonably well over a wide
range of scales, except in the very-large-scale range (A, > 390).
This indicates that, although the y- and §-scaled structures dif-
fer in their size distributions in physical space, the most en-
ergetic turbulent motions ingrained within them in the loga-
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Figure 4. Energetic ridges of the pre-multiplied two-
dimensional spectra at y'* = 100: (a,b) smooth-wall case;
(c,d) rough-wall case. The dark and light circles denote the
spectral ridge of @%D and @%D , respectively. Here, the ridge
positions are obtained by identifying the value of A, at which
<I>i2D attains its maximum for a given A,. The blue dashed and
solid lines represent (A,/y')'/2 ~ (A,/y) and A, ~ A, respec-
tively. The vertical dashed lines indicate A, = 4.5y’ and 36. In
(b,d), the insets show the linear—linear plot of the ridge scale
ratio A, /A, and the horizontal dashed line denotes a constant
ratio Ay /A; ~ 3.

rithmic region exhibit similar spectral behaviour. Moreover,
despite the differences between the smooth- and rough-wall
cases in figure 2, the energetic ridges remain remarkably sim-
ilar, reminiscent of outer-layer similarity (Townsend, 1976).
For both cases, the ridges exhibit two distinct growth regimes:
a square-root relationship, (Ac/y')"/2 ~ (A;/y’), and a linear
relationship, A, ~ A,. Over the range 4.5y < A, < 38, the
linear behaviour is well approximated by A, =~ 34, as also
confirmed by the nearly constant ridge ratio A,/A; ~ 3 shown
in the insets of figure 4(b,d). We therefore define the range
of self-similar energetic motions ingrained within the y- and
S-scaled structures as

4.5y < A < 36, (3)

where the upper limit is comparable to the criterion commonly
used to distinguish LSMs from VLSMs (Guala et al., 2006;
Balakumar & Adrian, 2007).

We now examine how these self-similar motions con-
tribute to the streamwise turbulence intensity, (uu)™, by eval-
uating the band-average energy within this self-similar range
4.5y < Ay < 38). The circle symbols in figure 5 show the
resulting wall-normal distributions associated with the self-
similar motions within each classified structure, (uu); and
(uu)j{ss, where green and purple denote the smooth- and
rough-wall cases, respectively. For reference, the solid lines
indicate the conditionally averaged streamwise turbulence in-
tensity of the y-scaled structures, (uu)}r , in figure 5(a) and of
the &-scaled structures, (uu)g, in figure 5(b).

For the y-scaled structures (figure 5a), which exhibit geo-
metrical self-similarity, <uu>y+ follow a clear logarithmic vari-
ation in the logarithmic region for both cases, as highlighted
by the dashed lines. This behaviour is consistent with previ-
ous observations that geometrically self-similar wall-attached
u structures give rise to a logarithmic variation in the stream-
wise turbulent intensity (Hwang & Sung, 2018; Hwang et al.,
2020). The contribution from the self-similar motions in-
grained within them, (uu),',, follows nearly the same logarith-
mic slope, indicating that the logarithmic behaviour of (uu),"
is predominantly supported by these self-similar motions. By
contrast, for the §-scaled structures (figure 5b), (uu)fof does not
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Figure 5.  Wall-normal distributions of the streamwise turbu-
lent intensity carried by each classified structure: (a) (uu);' ;
b) (uu):sr Here, the green and purple solid lines represent
the smooth- and rough-wall cases, respectively. The circles
symbols indicate the streamwise turbulent intensity in the log-
arithmic region associated with self-similar motions ingrained
within (a) the y-scaled structures, (uu)y; (b) the 3-scaled
structures, (uu) :{ss, while the dashed lines denote logarithmic

variations.
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Figure 6. Instantaneous visualization of a strongly meander-
ing wall-attached negative u structure: (a) three-dimensional
perspective view; (b) top view; (c¢) projection of the identified
structure onto the wall (purple area), where the green line in-
dicates the spine location (zgpine), computed as the mean span-
wise position at each streamwise location; and (d) spanwise
deviation of the spine from the linear fit (§ = Zgpine — zfi¢). The
meandering magnitude of this object is & /8 = 0.16.

show a clear logarithmic variation in either case, presumably
because the geometrically non-self-similar §-scaled structures
also contain coexisting non-self-similar motions (Hwang et al.,
2020; Yoon et al., 2020). However, when the contribution
is restricted to the self-similar band, the resulting profiles,
(uu)}ss, recover a clear logarithmic variation in both cases.

Moreover, although (uu)j{ attains a lower level in the loga-
rithmic region over the rough wall than over the smooth wall,
the relative contribution of the ingrained self-similar motions,
<”“>§,ss / (uu)g, is higher in the rough-wall case (40%) than
in the smooth-wall case (35%), indicating the self-similar mo-
tions are relatively enhanced over cubical roughness.

The enhanced self-similar motions ingrained within the
d-scaled structures may be related to amplified meandering of
large-scale structures over cubical roughness. Hwang & Lee
(2022) showed that stronger meandering allows the turbulent
motions ingrained within wall-attached u structures to extend
to larger spanwise wavelengths while retaining a linear rela-
tionship, A, ~ A;. In addition, Choi er al. (2020) showed that
increasing the height of cubical roughness elements promotes
the meandering of large-scale streaks in the logarithmic re-
gion. Motivated by these observations, we now examine the
enhanced self-similar motions from the perspective of the me-
andering of wall-attached structures.

To quantify the meandering of each identified structure,
we follow the procedure of Hwang & Lee (2022). Figure 6
shows a representative large-scale streaky negative-u structure
and the definition of its meandering magnitude. The struc-
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Figure 7. JPDF of meandering magnitude (&) of wall-
attached structures. (a) JPDF of &, for structures with l)‘f >
100 as a function of wall-normal height (/). (b) JPDF of &,
for d-scaled structures with respect to their streamwise length
(Ix). The coloured and line contours represent the smooth-
and rough-wall cases, respectively. The circle symbols indi-
cate mean meandering magnitude ((£;)). The vertical dashed
line in (@) denotes the [, /8 = 0.6, corresponding to the lower
bound of the d-scaled structures. The horizontal dashed lines
in (b) indicate the thresholds for the upper and lower 35% of
the smooth-wall distribution.

ture is first projected onto the wall, and the spanwise spine,
Zspine> 18 defined as the midpoint between the maximum and
minimum spanwise locations at each streamwise position, i.e.
Zspine = (Zmax + Zmin)/2. A linear fit to this spine, denoted
by zg, is then obtained, and the deviation & = Zgpine — Zi¢ i
taken as a measure of its waviness. The meandering magni-
tude, &, is finally defined as the root-mean-square of & along
the streamwise extent of the structure,

& (k) = (lx(lk) /)zxéz(x;k),dx)]/z, @)

where Xpin and xmax denote the minimum and maximum
streamwise locations of the kM structure, respectively, and
Iy = Xmax — Xmin. For the representative example in figure 6,
the resulting value is /8 = 0.16, indicating substantial me-
andering in the streamwise direction.

Next, we explore how the meandering magnitude varies
with the size of the identified wall-attached structures. Fig-
ure 7(a) shows the JPDF of [, and &, for wall-attached struc-
tures with ly+ > 100. In both cases, the structures exhibit a
broad range of &, at a given [y, and the distribution widens as
Iy increases. The mean meandering magnitude, (&,), shown
by the circle symbols, also increases with Iy, indicating that
taller structures tend to meander more strongly, consistent with
Kevin ef al. (2019). For the y-scaled structures, (£,) remains
relatively small and is nearly identical in the smooth- and
rough-wall cases. By contrast, the d-scaled structures exhibit
substantially larger meandering magnitudes, with the rough-
wall case showing consistently larger (&) at a given /,. This
indicates that the meandering of very tall wall-attached struc-
tures is amplified over cubical roughness.

Figure 7(b) further shows the JPDF of I, and &, for the &-
scaled structures. In both cases, (£,) increases with I, show-
ing that longer structures tend to meander more strongly. For
I < 38, the two cases remain broadly similar, whereas for
Iy > 36 a clear difference emerges, with the rough-wall case
exhibiting larger (&;). At the same time, the rough-wall case
contains fewer extremely long structures, suggesting that cu-
bical roughness reduces the occurrence of very long §-scaled
structures while amplifying their waviness. We then further
classify the &-scaled structures into three groups according to
&>: weak (&,/8 < 0.055), mild (0.055 < &, /8 < 0.083), and
strong meandering (&, /8 > 0.083). These thresholds corre-
spond to the lower and upper 35% quantiles of the &, distribu-
tion for the smooth-wall case.

To clarify how amplified meandering modifies the spec-
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Figure 8. Premultiplied two-dimensional energy spectra of
the &-scaled structures conditioned on meandering class,
shown in the same format as figure 3. Panels (a,b) corre-
spond to the strong meandering structures, and panels (c,d)
to the mild meandering structures. In (a,c), the left and right
subpanels denote the smooth- and rough-wall cases, respec-
tively. Panels (b,d) show the corresponding energetic ridges at
y'* = 100, where green and purple circles denote the smooth-
and rough-wall cases, respectively.

tral organisation of the ingrained motions, we examine the
premultiplied two-dimensional spectra of the §-scaled struc-
tures conditioned on their meandering class. Since the weak
meandering structures account for only a small fraction of the
total energy and exhibit spectral features similar to those of
the mild class, we focus on the mild and strong meander-
ing structures. Figure 8(a,c) shows the spectra of the strong
and mild meandering structures, respectively, with the left and
right subpanels denoting the smooth- and rough-wall cases.
For the mild meandering structures (figure 8c¢), the constant-
energy contours in both cases follow the square-root relation-
ship, (Ac/y')'/2 ~ (A,/y'), over a wide range of scales. The
energetic ridges in figure 8(d) confirm the same tendency over
nearly the entire range in both cases. By contrast, the strong
meandering structures (figure 8a) exhibit a clear linear up-
per bound, A, ~ A, indicating that stronger meandering is as-
sociated with turbulent motions extending to larger spanwise
wavelengths while retaining self-similar organisation.

The spectral ridges of the strong meandering structures,
however, show a marked difference between the two cases.
As shown in figure 8(b), the ridge in the smooth-wall case
follows a linear trend close to A, = 3A;, whereas that in the
rough-wall case approaches a higher-aspect-ratio relationship,
Ay & 7A;. Such a high-aspect-ratio linear relationship has pre-
viously been reported in the two-dimensional spectra of high-
Reynolds-number TBLs by Chandran et al. (2017) and Desh-
pande et al. (2020). Its emergence here suggests that, even
at the relatively low Re of the present study, strongly mean-
dering very long wall-attached structures, amplified by cubical
roughness, can support self-similar motions with a high aspect
ratio.

CONCLUSIONS

We have investigated the contribution of self-similar mo-
tions ingrained within the wall-attached u structures to the log-
arithmic region of a turbulent boundary layer (TBL) over cu-
bical roughness with a large relative height (k/6 = 0.12) at
Re; =~ 700, with particular emphasis on the meandering of
very large-scale structures. Wall-attached u structures were
extracted from instantaneous flow fields and classified into y-
and O-scaled structures according to their wall-normal height.
In both smooth- and rough-wall cases, the y-scaled structures
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are geometrical self-similar and their two-dimensional spec-
tra exhibit a linear relationship between A, and A, consis-
tent with self-similarity. By contrast, the §-scaled structures,
whose sizes are characterised by &, show a marked difference
between the two cases: the smooth-wall case exhibits limited
spanwise growth for A, > &, whereas the rough-wall case re-
tains a clearer linear relationship, A, ~ A;. Despite these dif-
ferences, the energetic spectral ridges of both y- and §-scaled
structures follow A, ~ 34, in the large-scale range 4.5y < A, <
34, indicating a range of energetic self-similar motions. Band-
averaging over this range further shows that these self-similar
motions dominate the logarithmic variation of the streamwise
turbulence intensity and are relatively enhanced over cubical
roughness. The meandering of wall-attached structures is also
amplified over the rough wall, particularly for very large-scale
structures. As the meandering becomes stronger, the upper
bound of the two-dimensional spectra approaches A, ~ A,
suggesting that amplified meandering redistributes energy to-
wards larger spanwise wavelengths at long streamwise wave-
lengths and thereby strengthens self-similar motions in the log-
arithmic region. Overall, the results indicate that amplified
meandering over cubical roughness contributes to the enhance-
ment of self-similar motions and, in turn, to the logarithmic
variation of the streamwise turbulence intensity.
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