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This paper quantifies the instantaneous form of large-scale turbulent structures in
canonical smooth-wall boundary layers, demonstrating that they adhere to a form
that is consistent with the self-sustaining streak instability model suggested by
Flores & Jiménez (Phys. Fluids, vol. 22, 2010, 071704) and Hwang & Cossu (Phys.
Fluids, vol. 23, 2011, 061702). Our motivation for this study stems from previous
observations of large-scale streaks that have been spatially locked in position within
spanwise-heterogeneous boundary layers. Here, using similar tools, we demonstrate
that the randomly occurring large-scale structures in canonical layers show similar
behaviour. Statistically, we show that the signature of large-scale coherent structures
exhibits increasing meandering behaviour with distance from the wall. At the upper
edge of the boundary layer, where these structures are severely misaligned from the
main-flow direction, the induced velocities associated with the strongly yawed vortex
packets/clusters yield a significant spanwise-velocity component leading to an apparent
oblique coherence of spanwise-velocity fluctuations. This pronounced meandering
behaviour also gives rise to a dominant streamwise periodicity at a wavelength of
approximately 6δ. We further statistically show that the quasi-streamwise roll-modes
formed adjacent to these very large wavy motions are often one-sided (spanwise
asymmetric), in stark contrast to the counter-rotating form suggested by conventional
conditionally averaged representations. To summarise, we sketch a representative
picture of the typical large-scale structures based on the evidence gathered in this
study.

Key words: boundary layer structure, turbulent boundary layers

1. Introduction

Portraying instantaneous wall turbulence using its representative structure is useful
for modelling and for the development of our understanding. However, as expressed
by Jiménez (2018), this implementation ‘should be undertaken with proper care to
distinguish between what is important for the system and what is convenient for
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us’. There are often questions regarding how well the average coherence resembles
the instantaneous structures. An example here could be the notional representation
of large-scale low-momentum structures as streamwise aligned and symmetrically
flanked by two high-speed regions, e.g. figure 18 of Dennis & Nickels (2011), or
figure 9 of Hutchins et al. (2012). An obvious question here is whether this largely
symmetrical coherence is truly a dominant feature in the instantaneous flow, or if it
appears due to averaging procedures applied in spanwise-homogeneous flow fields.

With care, deeper elucidation can be obtained by adding certain conditions to
the averaging process. For instance, Johansson, Alfredsson & Kim (1991) preserved
the non-symmetrical nature of buffer-region structures by adding a spanwise-velocity
criterion to the detection. They concluded that asymmetric structures occur more often
than the symmetric ones, and this asymmetry is important for the evolution of shear
layers. At a much larger scale, the meandering behaviour of the log-region structures
(Hutchins & Marusic 2007; Monty et al. 2007) highlights the asymmetric nature of
large-scale turbulence. Accordingly, it was suggested that the weak ‘X’-shape pattern
which manifests in the average coherence, when viewed in the horizontal plane, is
indicative of a combination of individual events that are tilted in either the positive or
negative spanwise direction. A subsequent investigation using a multi-point detection
technique (targeting spanwise asymmetry in duτ/dx about the condition point) by
Hutchins et al. (2011) gave an initial quantification of how often this meandering
behaviour occurs. The present analysis further dissects this behaviour from a different
perspective.

To an extent, the difficulty in elucidating the behaviour of turbulence structures
is due to their random occurrence in space and time. In fact, when a dominant
structure can be isolated and scrutinised, as is the case in a ‘minimal’ numerical
domain (Jiménez & Simens 2001; Flores & Jiménez 2010), its important dynamical
properties can be unravelled.

In a similar vein, we have been able to scrutinise the large-scale streaks in
heterogeneous boundary layers (Kevin et al. 2017; Kevin, Monty & Hutchins 2019)
owing to the spatial locking of these features at certain phases of the spanwise
heterogeneity. In these previous experiments, the spanwise heterogeneity was imposed
by a herringbone riblet surface, which generates locked low-speed streaks over
the converging region and high-momentum streaks over the diverging region of
the surface texture. In that case, we observed that the instantaneous large-scale
streamwise vortices which border the low-momentum regions are intermittent in time
and space, with one-sided asymmetric flanking vortices occurring more often that
the two-sided/counter-rotating features that are often inferred from time averaging.
Additionally, it was observed that the streaks in the outer layer exhibit a strong
meandering behaviour. In the cross-stream plane, this behaviour corresponds to a
vertical tilting/leaning of the taller ejection events in the spanwise direction. This
apparent meandering behaviour imparts a strong streamwise periodicity on the
spatial statistics that can be readily discerned in the instantaneous flow fields at
certain locations within the spanwise-heterogeneous layer. It will be shown here that
similar behaviours are also present in the naturally occurring large-scale features that
populate canonical (spanwise-homogeneous) turbulent boundary layers, though they
occur randomly in time and space.

1.1. Inspirations and aims of the present study
Other behaviours of the low-momentum regions observed in spanwise-heterogeneous
flows, such as over heterogeneous surfaces (e.g. Vanderwel & Ganapathisubramani
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FIGURE 1. An example of wall-parallel (top-view) signature of streamwise-velocity
fluctuations (a) in the log region at z/δ = 0.07, showing contours of u′ = −0.7Uτ , and
(b) in the outer layer at z/δ = 0.4, showing u′ = −0.5Uτ . Taken from an instantaneous
volumetric DNS dataset of Sillero, Jiménez & Moser (2014). Note that here y-axis
represents the spanwise direction.

2015; Bai et al. 2018; Kevin et al. 2019, among others) and in boundary layers
evolving downstream of vortex generators (Baidya et al. 2016), differ from the
structures that naturally form in smooth-wall layers, principally because the spanwise
wavelength is mechanically prescribed by the perturbation. However, we also notice
many surprising similarities between the artificially stimulated and the naturally
developed large-scale motions. The streaky log-region coherence in smooth-wall
(spanwise-homogeneous) boundary layers, as shown in figure 1(a), has been well
studied (e.g. by Tomkins & Adrian 2003; Lee et al. 2014). The outer-layer signature
of the same instance, however, as shown by figure 1(b), displays a less familiar
behaviour, namely a more pronounced undulating/meandering appearance (later
quantified in § 2). Interestingly, this behaviour mimics that of the artificially generated
streaks studied by Kevin et al. (2019) in spanwise-heterogeneous boundary layers.
Thus far, this outer asymmetric meandering behaviour has received scant attention,
and largely remains absent from certain models of large-scale coherent motions (e.g.
Adrian, Meinhart & Tomkins 2000b; Marusic & Monty 2019).

By employing the boundary layer DNS database of Sillero et al. (2014) at
Reτ ≈ 2000 and experimental datasets of de Silva et al. (2018) and Kevin et al. (2019)
at similar Reynolds numbers, here we aim to elucidate the large-scale motions in
canonical boundary layers using statistical techniques that were developed by Kevin
et al. (2017, 2019) for the study of spanwise-heterogeneous flows. The collective
understanding developed here further provides insight into other boundary layer
phenomena, such as the oblique patterns in spanwise-velocity coherence (Sillero
et al. 2014; de Silva et al. 2018). Finally, we offer a schematic representation of the
large-scale turbulence arrangement based on the insight gained from this study.

2. An increasingly meandering signature with distance from the wall

Throughout this paper x, y and z refer to the streamwise, spanwise and wall-normal
directions, with u, v and w indicating the respective total velocity components.

We first quantify how the large low-momentum regions become increasingly wavy
with distance from the wall. In figure 2(a), the grey-shaded regions indicate the filtered
signature of u′f < 0 (subscript f denotes filtered quantity) for the example shown in
figure 1(b). For this wall height (z/δ = 0.4), we apply a 2D Gaussian filter (σ = 2)
with the size of 2.1× 0.43δ in the x× y direction. This filter size corresponds to the
length and width of the correlation function Ru′u′ = 0.15, hence it is a function of wall
height. Note that the change in Ru′u′ dimension (i.e. our filter size) with wall height is
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FIGURE 2. (a) Grey regions: u′f < 0 at z/δ = 0.4, highlighting the spine of each region.
(b) Dotted line: the linear fit of each spine. Inset shows x̂, the projected linear fit to the
streamwise direction; ŷ: the projected spine about the linear fit. (c) The concatenation of
the spines about their individual fitted line. (d) The meandering root mean square as a
function of wall height. Lines: dataset of Sillero et al. (2014); squares: smooth-wall data
of Kevin et al. (2019); circles: de Silva et al. (2018). Black line and closed symbols:
cases where spines are longer than the filter size. Grey line and open symbols: cases
where spines are longer than twice the filter size. Triangles: artificially generated streaks
over herringbone riblets (Kevin et al. 2019).

well documented in the literature (Tomkins & Adrian 2003; Ganapathisubramani et al.
2005; Lee & Sung 2011; Sillero et al. 2014). From this filtered field, we can identify
the ‘spine’ of each low-momentum region by finding the local minima of ∂u/∂y= 0
at every streamwise position, in a similar approach to that followed by Schoppa &
Hussain (2002). To gauge the meandering behaviour, we quantify the ‘waviness’ of
these spines and employ it as a metric. In this manner, the width of the structure
does not play any role in the quantification. In figure 2(b), the dashed line plotted
over each spine indicates its linear fit. Accordingly, we treat these spines as fluctuation
signals ŷ about the fitted line (see inset). This also means that the linear orientation
of the spines will not be considered. The concatenated ‘spine signals’ are displayed
in figure 2(c), where we compare the projected signals for z/δ = 0.07 and 0.4.

We can now compute the root mean square of these signals for multiple wall
heights, and the trend is shown in figure 2(d). Note that we only consider the
individual spine that is longer than the filter size, where the results are shown by
the black line and closed symbols. Clearly this metric (ŷrms) indicates that the spine
of low-momentum regions increasingly fluctuates with wall distance, and the trend is
consistent across numerical and experimental datasets. It is noted that the meandering
amplitude flattens for z/δ > 0.5. This is partly because the detected structures become
shorter/patchier in the turbulent-intermittent region, which will bias the meandering
detection (i.e will limit ŷrms). As a check, when we consider only those spines that
are longer than twice the filter size (denoted by the grey line and open symbols), the
overall meandering magnitude increases and we observe less flattening away from the
wall. It is important to note that here we simply aim to demonstrate statistically that
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large-scale turbulence becomes increasingly wavy with wall distance, without putting
emphasis on the exact rate of the increase.

Finally, the triangle symbols in figure 2(d) indicate the meandering magnitude
of the artificially generated streaks studied by Kevin et al. (2019) in a spanwise-
heterogeneous boundary layer (where the global or spanwise-averaged δ is used to
normalise), and the results closely conform to the increasing trend of the canonical
case. This observation suggests that the pronounced undulating behaviour, that in
Kevin et al. (2019) was attributed to the imposed turbulent secondary flows, is in
fact an underlying characteristic of large-scale turbulence structures.

2.1. Severely meandering turbulent signature at the edge of the boundary layer
Sillero et al. (2014) reported that the spanwise-velocity component exhibits a large
oblique/diagonal coherence. The ±45◦ (from streamwise axis) pattern is particularly
discernible in the outermost part of the boundary layer. The coherence emerges
statistically (e.g. in 2D correlation), if one decomposes by either the positive or
negative spanwise-velocity sign. Thus far, little physical interpretation has been
given to this phenomenon. de Silva et al. (2018) described this occurrence as the
spanwise-velocity signature of the arched head of a hairpin-type eddy. Indeed, when
one considers the positive or negative spanwise velocity on a wall-parallel slice close
to the head of a hairpin eddy, the imprints are diagonally positioned. Note that
in making this observation, de Silva et al. (2018) did observe that, in reality the
obliqueness may involve ‘a range of representative eddies which are not necessarily
forced to be streamwise aligned or symmetric’. In this spirit, we build on these
previous observations of this unique oblique turbulent pattern.

Figure 3(a,b) shows an instance of streamwise and spanwise velocity at z= δ99 at
a different instance to that shown in figures 1 and 2. This snapshot is selected since
it effectively highlights the oblique v pattern as discussed by Sillero et al. (2014)
and de Silva et al. (2018). When carefully examining many vector fields around
similar oblique features, such as in figure 3(c–e), we observed that the low-speed
(streamwise negative) fluctuations associated with vortex groups, which are typically
more streamwise aligned, are now consistently oriented at approximately ±45◦. This is
further illustrated by the compact swirling-strength contours, λci (computed using the
method described in Adrian, Christensen & Liu (2000a)), which indicate the presence
of wall-normal vortices in figure 3(c–e). Note that in these figures they appear to
be roughly aligned along the diagonals. Based on these simple observations, we
surmise that the negative u′ fluctuations associated with vortex packets (Adrian et al.
2000b) or clusters (del Álamo et al. 2006), which themselves are often yawed or
appear oblique in the outer region, are resolved or decomposed in the y-direction as
these oblique v features. Not only does this observation provide an extension to the
work of Sillero et al. (2014) and de Silva et al. (2018) regarding the emergence of
these oblique patterns in v, it also further demonstrates that turbulent events become
increasingly misaligned from the main-flow direction with wall height. As a final
point, the lesser degree of meandering at lower wall heights further explains why the
apparent v diagonals are less oblique closer to the wall at much smaller angles than
±45◦. This behaviour was also observed by de Silva et al. (2018) in the log region,
though at the time an explanation for this observation was still lacking.

3. Outer-layer periodicity of the large structures

In a spanwise-heterogeneous boundary layer (viz. over herringbone roughness),
where the large-scale low-momentum regions were forcibly formed at fixed spanwise
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FIGURE 3. Example of (a) streamwise-velocity and (b) spanwise-velocity field at
z= δ99, highlighting several oblique v features. Taken from dataset of Sillero et al. (2014).
Square insets highlight particular inclined features that are magnified in the following
subfigures. (c–e) Vectors of velocity fluctuations, with contour of signed swirling strength
λci superimposed. Grey contour lines show v+ = 0.3 in (b,c) and v+ =−0.3 in (d).

locations, Kevin et al. (2019) observed a dominant streamwise-repeating behaviour of
those low-momentum structures. This outer-layer pattern emerged in the correlation-
coefficient map, Ru′u′ , when it was computed at a spanwise reference location
midway between where the low- and high-momentum regions were induced. In
spanwise-homogeneous (smooth-wall) boundary layers however, where these turbulent
regions occur spatially and temporally at random, extracting such repeating patterns
becomes less straightforward.

3.1. Detection of low-momentum structures
Here we aim to show that the streamwise-repeating behaviour is also prevalent
in smooth-wall boundary layers. Since volumetric datasets are required in this
elucidation, we extract and use x × y × z = 8δ × 8δ × 1.2δ domains from the
boundary layer DNS data of Sillero et al. (2014) at the highest Reynolds number
streamwise location available (Reτ ≈ 2000), which is comparable to our experimental
datasets. Figure 4 illustrates how we detect and isolate the large-scale structures.
The low-momentum regions are first located by observing their horizontal signature
in the log region, as shown in figure 4(a). Here the filtered streamwise-velocity
fluctuations u′f (filtered as in § 2) at z/δ=0.07 are spatially averaged in the streamwise
direction over the 8δ-long extracted domain, resulting in a spanwise distribution of
〈u′f 〉x which is displayed in figure 4(b) for this instance. The low-speed signatures
where 〈u′f 〉

+

x <−0.5 approximate the spanwise locations where relatively long streaks
occur. The ‘+’ symbols in figure 4(c) illustrate the locations of the eight detected
structures that appear in this instance. Subsequently, we can now extract narrow
(x × y × z = 8δ × 1.2δ × 1.2δ) volumetric subsets as shown in figure 4(d), in which
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FIGURE 4. Detection of low-speed streaks from the dataset of Sillero et al. (2014). (a) A
wall-parallel (top-view) snapshot, showing filtered velocity u′f at z/δ= 0.07. Only a subset
of the extracted data is plotted from a total of 8δ streamwise domain. (b) Distribution of
streamwise-averaged velocity within the entire 8δ-long domain, 〈u′f 〉x. (c) A logic signal
for the condition 〈u′f 〉x <−0.5. The + symbols show the spanwise centre of the detected
streaks. (d) An example wall-parallel slice of streamwise-velocity fluctuations at z/δ=0.07
corresponding to one of the detected streaks, showing a continuous long low-momentum
region within the narrow extracted domain. (e) The ensemble-averaged V and W vectors
on the cross-plane marked in (d). Here 1y=0 indicates the centre of the extracted domain.
The + (red) symbol indicates the reference point (1yref , zref )/δ = (0.2, 0.2) where the
correlation maps shown later in figure 5 are computed, and the black lines illustrates the
corresponding vertical and horizontal planes.

the low-momentum regions on average occur at the spanwise centre of this volume.
A total of 50 such streaks are identified from eight DNS fields used in the present
analysis, and the ensemble-averaged motions on a cross-stream plane are shown in
figure 4(e).

3.2. Spatial statistics in the outer layer
As a conjecture, we associate the collection of streaks in smooth-wall boundary
layers (identified above) and the accompanying roll-modes shown in figure 4(e), to
the continuous low-momentum regions that occur in spanwise-heterogeneous layers
and the associated ‘mean secondary flows/roll-modes’. Hence, we will replicate the
analysis of Kevin et al. (2019) for spanwise-heterogeneous layers, in order to extract
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FIGURE 5. Maps of two-point correlation function Ru′u′ in the (a) xz- and (b) xy-planes
about (1yref , zref )/δ = (0.2, 0.2). The + (red) symbols show the reference location. This
reference position is also indicated in figure 4(e). Black contours lines: positive levels of
0.05, 0.15 and 0.3; blue contours lines: negative levels of −0.05 and −0.1. Grey contours
on (a) show the contours of standard (streamwise- and spanwise-ensembled) two-point
correlation with contour levels of 0.05 and 0.3. Dot-dashed planes indicate the middle
of the domain, 1y= 0 plane.

the possible streamwise-repeating behaviour from the canonical smooth-wall flows.
We first compute the correlation coefficient Ru′u′ at a spanwise position corresponding
to the midpoint between the upwash- and downwash-flow regions. An analysis of
figure 4(e) reveals that this point occurs at approximately (1yref , zref )/δ = (0.2, 0.2),
as shown by the + (red) symbol in figure 4(e). The correlation Ru′u′ is calculated
on the vertical and horizontal planes indicated by the solid lines in this figure. The
reasoning behind selecting 1yref /δ = 0.2 is that, at this spanwise location (i.e. the
crossover between low-momentum/upwash and high-momentum/downwash regions),
any meandering will lead to pronounced periodic fluctuations between positive and
negative u′.

Figure 5(a) displays the resulting correlation map in the streamwise/vertical plane.
The reference height zref /δ = 0.2 corresponds to the centre of the mean roll-modes
following Kevin et al. (2019), and we emphasise that changing the reference height
within the outer layer has little effect on the present conclusions. Clearly the Ru′u′

map constructed in this manner differs substantially from the standard correlation
map at the same reference height zref /δ (shown by grey filled contours in figure 5a),
particularly for the larger-size coherence. When ensembled in this way, at a certain
distance to the span of a detected large-scale event, a clear streamwise-repeating
behaviour of positive and negative correlations manifests which would ordinarily be
masked by the spanwise-averaging process of a standard two-point correlation. Note
that when the correlation is computed about the upwash- and downwash-flow region,
i.e. y/δ = 0 and 0.45 in figure 4(e), the repeating pattern is not evident (not shown
here for brevity). Figure 5(b) displays this alternating coherence in the wall-parallel
slice, where again we see strong signs of streamwise periodicity (with streamwise
alternating regions of positive and negative correlation) and a close resemblance to the
behaviour observed in spanwise-heterogeneous boundary layers (Kevin et al. 2019).

Various interpretations can be drawn when observing an alternating sign of
statistical pattern such as those shown in figure 5. Elsinga et al. (2010) proposed the
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idea of larger vortex organisation where large-scale (mostly symmetrical) hairpin
structures are arranged in an alternating configuration. However, as established
previously, the outer-layer behaviour observed here is characterised by events with
a much longer streamwise extent than would be implied from this interpretation.
The more likely explanation based on the observations of figures 1 and 2, is simply
that this periodicity is a result of meandering. This observation was concluded in
spanwise-heterogeneous flows by Kevin et al. (2019) using a conditional analysis,
where the meandering bend/turn is shown to be associated with a non-symmetrical
wall-normal vortex structure.

4. A closer look at the representative streamwise roll-modes

In the conditionally averaged view, a pair of counter-rotating streamwise vortices,
as represented in figure 4(e), are known to flank the large-scale turbulence structures
(Hutchins, Hambleton & Marusic 2005; del Álamo et al. 2006; Dennis & Nickels
2011). In spanwise-heterogeneous wall flows, where the high- and low-momentum
regions are spatially locked at fixed locations in the spanwise direction, these flanking
vortices are readily apparent in the unconditional mean statistics as the counter-rotating
‘secondary flows/roll-modes’. Instantaneously, however, Kevin et al. (2017) found that
these secondary roll-modes are more often constituted by one-sided streamwise
vortices than two-sided/counter-rotating motions. Hence, they concluded that turbulent
secondary flows, whose time-averaged magnitude is often weak, are an artefact
arising from superposition of the more typical non-symmetrical vortices within the
spanwise-heterogeneous boundary layers.

In this section, by employing a similar sorting technique to Kevin et al. (2017),
though this time applied to a smooth-wall (spanwise-homogeneous) boundary layer
dataset, we aim to assess the likelihood of instantaneous streamwise vortices appearing
symmetrically or otherwise. The sorting method is based on the instantaneous vertical
velocity at three spanwise locations about the centre of the identified low-speed streak
as illustrated in figure 6(a). The instantaneous wf field is locally averaged within a
spanwise width of 0.1δ (within the hatched region on figure 6a) to determine the
main vertical-flow direction in these three detection locations. Note that these locations
correspond to the upwash and downwash regions shown in figure 4(e). As an example,
the combination result illustrated in figure 6(a) is ‘negative–positive–negative’ or
(−,+,−), which corresponds to a ‘down–up–down’ flow pattern. Thus, this particular
instance represents a counter-rotating direction similar to figure 4(e). Note that there
will be 23 sign/pattern combinations. We can then sort all the cross-stream (yz)
slices along the detected structures identified in § 3.1, based on each combination.
Accordingly, a conditionally averaged flow field can be produced for each pattern.
If all combinations are included, we recover the generally accepted conditionally
averaged vortices shown in figure 4(e).

Figure 6(b) displays the conditionally averaged field when the combination is
−, +, −. As expected, counter-rotating vortices appear, resembling the typical
quasi-streamwise counter-rotating rollers that on average border the turbulent events.
Surprisingly, this pattern accounts for only 15 % of the instantaneous fields, while the
large one-sided patterns, shown in figure 6(c,d), represent 32 %. Moreover, figure 6(e),
which includes the other five combinations (i.e. +,+,+; −,−,−; −,+,−; −,+,+;
+,+,−), where the individual result does not resemble the overall mean roll-modes,
occupy the majority of the flow fields.

Although the exact fractions of each combination differs from the heterogeneous
flow (Kevin et al. 2017), the key observations are consistent. Large streamwise
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FIGURE 6. (a) An example of filtered wall-normal velocity field associated with large-
scale low-momentum region. The hatched regions show the areas where wf is averaged to
determine the common vertical-flow directions. (b) Conditionally averaged vectors when
the averaged-wf is −,+,−. (c,d) Conditional vectors when the averaged-wf is −,+,+ and
+,+,−. (e) Conditional vectors for the remaining combinations. Vector size is comparable
between figures.

rollers related to the turbulence structures are predominantly one-sided and rarely
resemble the counter-rotating view. Hence, the representative eddy (and its weakness
in strength, see figure 4e), are likely to be an artefact of the superposition of various
turbulent events. Though statistically sound, the risk with allowing symmetrical
representative eddies to dominate our interpretations (i.e packet models and attached
eddy hypothesis) is that important dynamical processes can be obscured. For example,
the meandering of the low-speed streaks and the one-side vortex structure is
reminiscent of the streak-vortex model, as put forward by Jeong et al. (1997) in
the near-wall region, and more recently described by Flores & Jiménez (2010)
in the log layer. Certainly the current results indicate that the large-scale vortices
occur intermittently in space, as suggested by the large number of instances along
the structures, yielding a negligible contribution to the overall ensemble. These
observations further support the conclusion of Lozano-Durán & Jiménez (2012),
where they stated that the spanwise arrangements of large high- and low-speed events,
which are directly related to the vortical structure between them, are more likely to
occur as pairs (hence yield one-sided rotational motion) instead of in symmetric trios.
Lastly, we note that the percentages shown in figure 6 resemble the meandering
probability inferred by Hutchins et al. (2011), although their technique was limited to
aggregating the contributions displayed here by figure 6(b,e) as the ‘non-meandering
events’.

5. Summary and schematic interpretation

Inspired by our previous findings in spanwise-heterogeneous boundary layers (Kevin
et al. 2017, 2019), here we underline the pronounced unsteady behaviour of large-
scale structures in canonical boundary layers. The relevant discussions are summarised
below:
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x
y

z

x
y

z(a) (b)

FIGURE 7. Conceptual three-dimensional interpretation of the shape and alignment of
large low-momentum regions (blue iso-surface). (a) Illustration of the alternating one-sided
streamwise vortices that flank these structures, and (b) the streamwise periodicity that
occurs in the outer layer to the side of the large-scale structures. The shaded plane in
(b) is approximately 0.2δ to the side of the centreline of the structures.

(i) The wall-parallel signature of large-scale structures becomes significantly
meandering away from the wall. This trend is quantified by the meandering
amplitude of the spines of the structures at each wall location. At the edge
of the boundary layer, the severely yawed turbulent regions give rise to the
oblique/diagonal coherence in the spanwise velocity, which was previously
documented by Sillero et al. (2014) and de Silva et al. (2018) in the turbulent-
intermittent region. Specifically, the low-momentum regions (i.e. the induced
negative u fluctuations) typically associated with the vortex groups, are now
resolved in the spanwise direction as v-velocities, giving them apparent diagonal
coherence, as these large structures are increasingly tilted with wall height.

(ii) We unmask the dominant streamwise-repeating behaviour of the large-scale
structures, which is always absent in the conventional average representation.
We surmise that this behaviour is hidden in the typical spatial statistics due to
spanwise averaging. This periodicity was previously observed by Kevin et al.
(2019) in a spanwise-heterogeneous flow, where it was shown to signify the
meandering wavelength of the turbulent structure.

(iii) Using a conditional sorting technique, we show that large quasi-streamwise
vortices that exist alongside the low-momentum structures are predominantly
one-sided. Additionally, we show that these accompanying vortex motions are
highly intermittent spatially, and that for half the time the cross-stream signatures
along low-momentum streaks do not contribute to the overall/representative
(counter-rotating) vortex structure. It is restated that caution should be applied
when portraying/reconstructing instantaneous flow fields using a representative
structure with enforced symmetry, since it may obscure certain attributes which
are of dynamical significance to the instantaneous turbulence structure.

Finally, we distil the above findings to create a conceptual representation of
large-scale turbulence structure. The schematic drawing shown in figure 7 illustrates
a ‘train’ of low-momentum regions. The appearance of each blue region adheres to
the widely accepted representative/average shape, i.e. streamwise-elongated coherence
with a shallow forward inclination angle. However, here we portray the structure to
be slightly tilted from the vertical axis. As indicated here by figure 6 and by Kevin
et al. (2017), this behaviour implies that non-symmetrical/one-sided streamwise
vortex structures are dominant, and are formed underneath the leaning eruption of
the low-momentum structure. Furthermore, if we take a streamwise/vertical slice at a
spanwise location sideways from the spanwise centre of this train of structures, such
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FIGURE 8. (a) Top view of the model. (b–d) Streamwise/spanwise wall-parallel slices.

as illustrated in figure 7(b), a repeating pattern will be evident in the outer layer.
Figure 8(a) further displays the top view of this illustrative model. The importance
here is that, when this train of structures is sliced horizontally in the log region, the
velocity signature exhibits a weakly meandering behaviour. In the outer layer, however,
this configuration will produce a wider signature with a stronger meandering tendency
and a steeper tilting angle.

We note that these δ-scale behaviours closely resemble the buffer-layer model
of Jeong et al. (1997), Schoppa & Hussain (2002), and their temporal evolution
can perhaps be inferred from the ‘minimal flow’ study shown in figure 24(c) in
the review by Jiménez (2018). Overall, these similarities suggest that small- and
large-scale coherence may exhibit similar unstable dynamical behaviour (Flores &
Jiménez 2010; Hwang & Cossu 2010, 2011), and that a self-sustaining mechanism
not dissimilar to that proposed for the near-wall region exists at a hierarchy of scales
across turbulent boundary layers.
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