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ABSTRACT

Simultaneous hotwire measurements across the vertical
direction, obtained in the atmospheric surface layer in near-
neutral conditions at Rer = du /i =~ 105, are used to study
interactions among the turbulent scales, from the very large
scale motions (VLSM of order of 6 — 104) to the dissipative
scales. In this contribution we want to focus on the linear
and non linear character of such interactions. Two distinct
ways are pursued, the first based on wavelet analysis, the sec-
ond one based on the Mutual Information Content (MIC),
The overall picture confirms that large and very large scale
motions are actively participating in near wall turbulence
activity. By wavelet analysis we can quantify the temporal
evolution of the energetic contribution of different large and
small (strictly time) scale motions, and thus study if VLSM
locally influence smaller time scale processes. Such interac-
tion can be investigated also probabilistically as the mutual
influence between two different quantities, namely a large
scale velocity time series and a (varying) velocity differences
time series Au(t,z) = u(t + 7) — u(t), representative (for
small time lag 7) of the small scales of turbulence. MIC
analysis allows a distinction to be made between the linear
and non linear type of interaction, suggesting perhaps how
much and where small scales are i) simply convected by or
i) “entangled” with large scales motions.

INTRODUCTION

In the last decade the role of very large scale motions in
turbulent boundary layer has been significantly re-evaluated,
not only in terms of kinetic energy and Reynolds stress, (see
e.g. [1], [3], [8]) , but also as a source of strong scale interac-
tions across the wall region (see e.g. the modulation effect by
[4]). Besides turbulent boundary layer (TBL) measurements
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in laboratory large-scale flows (see e.g. [2], [10]), measure-
ments in the near-neutral atmospheric surface layer (ASL)
have also provided new insight onto the Reynolds number
effects on high order flow statistics (see [7], [9] and reference
therein). Despite limited control on the free stream veloc-
ity, surface roughness and boundary layer thickness, on one
side, and stratification or buoyancy instability effects on the
other side, selected measurements in the ASL in conditions
of near thermal neutrality have been shown to provide a re-
liable picture of TBL at high Reynolds number, with limited
drawback effects arising from positioning error and/or sensor
finite size.

A recently discovered feature of TBL flows is the anoma-
lous scaling of the near wall streamwise velocity fluctuation,
a.k.a. near wall turbulent peak, with the Reynolds num-
ber [11], [9]. This has been interpreted as the result of the
interaction between an outer scale that contributes to the
definition of Reynolds number [11], and an inner scale that is
known to control near wall turbulent processes, such as, e.g.,
wall streak separation, apparently independent of Reynolds
number [5]. Experimental evidence of large (or very-large)
scale oscillation in the log region modulating the amplitude
of the near wall turbulent fluctuations was provided by [4].
Some more research is however needed to define unequiv-
ocally inner-outer interaction processes and, in a broader
sense, any scale interaction process. The latter is indeed in-
trinsically complicated by the fact that scales must be also
defined unambiguously.

We present here experimental observations from the
SLTEST site in Utah [8] , at Rer = du./v =~ 10°, in near
neutral conditions and in the transitionally rough regime
(kJ = 50). The dataset, consisting of 29 simultaneous single
hotwire measurements of the streamwise velocity component
u at high sampling frequency (5Khz) logarithmically spaced
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in the wall normal direction, is particularly suited to study
scale interaction process in the temporal domain.

As we can see in the contour of the local mean velocity
(averaging time of 1 s) depicted in figure 1, the dataset con-
tains very large time scale oscillations of period of about
100s, corresponding to a time scale of roughly 104/U at
z = Bm, resembling, in the wall normal plane, the so called
stripes observed by [4] in the plane parallel to the wall. Such
oscillations, which are believed to represent the time signa-
ture of the very large scale motions, VLSM (see e.g. [3]),
are observed to characterize the whole investigated region
of the TBL down to the wall, and they are thus potentially
capable of modulating the near wall turbulent intensity.

The main objective of this paper is thus to provide the
statistical tools able to i) define different time scales, ii) re-
late each time scale to a variable that has its own temporal
evolution - e.g. a low pass velocity signal - , iii) study if these
variables, each describing the time history of a certain time
scale process, are mutually influencing each other. Such mu-
tual influence, in principle, can be simultaneous (or not), or
linear (or not).

It is of particular interest to understand how much, and
for which time scales, the linear and non linear character-
istics of the interaction are respectively important. Indeed
we can reformulate the same question in the context of tur-
bulent structures. We can thus try to understand if small
scales are simply advected by the VL.SM or if small scales are
also changing under the effect of VLSM (strong structural
coupling ocecurs), eventually, if such distinction depends on
the size or type of structure, or on the height from the wall.

The imprint of large scale motion on near wall turbulence
has broad importance on the understanding of turbulent
boundary layer flows and on the scaling of surface processes
such as momentum, heat and mass fluxes, eventually con-
trolling e.g. dust and sediment resuspension or water vapor
mass balance.

RESULTS

In this section we provide two ways to define different
time-scale processes based on tools including wavelets and
mutual information content analysis. Furthermore we at-
tempt to quantify the temporal interactions between a set of
different time scales processes across the whole wall region.
The main reason to use wavelets and MIC is to exploit the
simultaneous information from the hotwire rakes limiting, as
possible, a priori assumptions and embracing the complexity
of the dataset. Since the outer length and velocity scales,
i.e. the boundary layer height é and the free stream velocity
Uso, were inferred from previous measurements (obtained at
the same site, at sunset, in similar stability conditions), and
not directly measured, we decided to present our results in
dimensional form. Indeed, though the normalization of time
with inner units can be provided with good accuracy, the
physical meaning of inner units normalization in the con-
text of VLSM can be misleading.

Wavelet: preliminary results

As opposed to Fourier mode decomposition, which as-
sumes linear superimposition of infinitely long, non interact-
ing sinusoids, a wavelet transform can provide a quantitative
description of the energy distribution among different scales,
as a function of time. Wavelets, as opposed to sine waves are
required to be compact not only in the frequency domain but
also in the time domain. Therefore, wavelet analysis is able
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to provide i) an unambiguous, energetically based, definition
of the scale (localization in the frequency domain), and ii)
the temporal evolution of the variable associated with such
time scale (localization also in the time domain).

The continuous wavelet transform produces wavelet coef-
ficients W (a, t), which are a function of a (time) scale a and
time t. The scale is a (temporal) compression or stretching
of the Morlet wavelet function and has the same dimensions
of time. Given a discrete time signal (with interval At), a is,
strictly speaking, the number of points in which the single
wavelet extending in time a- At is represented. a thus defines
an unambiguous time scale, over which each compressed or
stretched wavelet extends. W (ap, to) essentially measures
how strongly a certain wavelet of scale ag fits, or correlates
with, a finite portion of the signal of extension ag centered
in tgp. We can now clarify that W (ag,t) is the time scale
process related to the scale ap. Eventually, the modulation
of W in the a,t phase space thus indicates when, along the
full time history, and how much, different time scales are
(locally) energetically contributing.

W(a,t) = [m Flr)e (TT_t) dr

where the mother wavelet ) is the real Morlet wavelet, de-
scribed by the following equation in the time domain:

(1)

(1) = exp(—t2/2) * cos(5t) (2)

For the simple case of a continuous sinusoidal signal
sin(wt), the dominant scale is denoted by a maximum W (a =
1/w, t) varying in time as the sinusoid itself. For a linear su-
perimposition of two sinusoids of different [requencies, the
two scales, corresponding to the inverse of the two frequen-
cies respectively, will be active and so on. For a turbulent
signal, where different structures spanning over a large range
of scales occur seldom or simultaneously, the wavelet maps
are extremely complex and rich. In particular the distri-
bution of W (a,t)? in the scale - time domain, allows for a
quantitative local description of the flow in energetic terms.

It is worth noticing that the power spectrum derived by
Fourier analysis can be replaced by the wavelet spectrum
Sw(a). Indeed we can write:

@(k):/m

with the wavenumber k =

|W (a, £)[*dt (3)

T?(%)' obtained as a function of
the scale a and the mean velocity U at each height z. The
wavelet derived 1D power spectra are shown, with different
normalizations, in figure 2.

As we can see, not only the correct shape of the Fourier
power spectrum is recovered, but also its smoothness is im-
proved, in particular in the low wave number region (large
scales) where the averaging procedure leading to the wavelet
spectrum replaces the poor statistical representativeness of
the Fourier coefficients associated with the nearby multiples
of any chosen fundamental wavelength. The consistency of
wavelet spectra confirms the interpretation of a as an en-
ergetically representative time scale, well localized in the
frequency domain. Now that the scale is conceptually well
defined, we can go back to the wavelet map and unveil its
time history.

An example of a wavelet transform map is shown in fig-
ure 3 together with the velocity time series (at z+ =~ 2.10%).
The latter is superimposed with a low pass filtered velocity
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Figure 1: Contours of the local (averaging time of 1 8) mean velocity as a function of time and height from the wall.
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Figure 2: Dimensionless wavelet spectra a) Kolmogorov scaling, b) wall normal height scaling

(f6/U < 0.5, cutoff frequency) chosen to outline the tempo-
ral signature of VLSM as analyzed in [4]. As we can note
from the wavelet map (a subset ¢ = 60 — 110s is shown) a
cluster of relatively large values of wavelet coefficients indi-
cates that a wide range of scales a are exceptionally energetic
while the low passed velocity shows, near the wall region, a
strong positive excursion (faster than the mean, between 90
and 110 s), see figure 1 and upper panel in 3.

It is noteworthy that, since the mother wavelet is sym-
metric in the time domain, when it is centered in the proxim-
ity of the beginning ¢, or end L. of the original f(t) signal, its
convolution is contaminated. Therefore in order to remove
artifacts, we consider the wavelet map only in the central
part defined as t, + max(a)< t < te-max(a), where max(a)
is the maximum scale considered in our analysis, i.e. the
most stretched wavelet.

Following on the interpretation of the wavelet map in
energetic terms, we can now make use of the simultaneous
data acquisition across the vertical direction. For instance,
we can ask ourselves how the energy associated with a cer-
tain scale ag is distributed in time across the wall layer. In
the specific context of a turbulent flow, various type of co-
herent structures can possibly be related to common trends
of a subset of neighboring scales a, and thus identified as
coherent patterns in the wavelet map. So the distribution
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of any given ap in the z1,t domain can shed some light on
the mutual occurrence and intensity of different population
of structures across the TBL.

The representation of |W(ao,t,z)| is improved by plot-
ting at each height the envelope of |W (ap,t)|, obtained by
low pass filtering the full wavelet time history associated
with the scale ag. The reason is that the wavelet map re-
tains the oscillating features of the Morlet mother wavelet,
which is in fact a user deflined input.

Low pass filtered |W (a;,t, z1)| for dilferent scales a; are
plotted in figure 4.
Je = 1/maz(a) ~ 0.06 Hz, consistently for all scales. Scale
interaction can be assessed by observing similar patterns
over a wide range of scales, implying that the very large
scale motion acting between 100 and 150 s leaves a strong

The cutoff frequency was chosen as

and consistent signature on the whole range of smaller scales
in the same periods. We can thus speculate that in such time
frame, not only scale interaction is strong, but also a struc-
tural interaction oceurs. We must however acknowledge that
scale interactions are simply referred to as the simultaneous
occurrence of a wide range of energetic wavelets when VLSM
are also energetically strong. We indeed still miss if there
is a cause - consequence relationship between the different
scales and if the interaction is a one or two way coupling
(e.g. VLSM are stimulating smaller scale turbulence, but
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not vice versa, or the other way around, such that VLSM are
generated by scale growth processes). We could argue that
quantifying the relative importance of linear and non-linear
interactions can shed some light on those open question.

Mutual information content analysis

The interaction between two variables can be described
following the mutual information content based on the stan-
dard Shannon entropy. An interesting application of such
procedure is provided in [12], where the interaction between
the large and the small scales of turbulence is investigated in
the canopy sublayer. A quantity representative of the large
scales was chosen as the square of the instantaneous devi-
ation from the mean velocity ur(t,2) = (ult,z) — U(2))2,
(where U(z) is the mean velocity at height z), while smaller
scales were related to the square of the velocity differences
time series us (¢, z) = (u(t +7) —u(t))? for varying time sep-
aration 7. The entropies H of the distribution of each single
variable, defined as a measure of its uncertainty, and of their
mutnal occurrence are given by :

Hlu) = =Y plus)-in(p(ur)) @
Hius) = = plus) - In(p(us)) &)
H(up,us) = —Zp(ﬂ.L,u,,)-In(p(uL}ua)), (6)

where p indicates the (joint in case of two variables)
probability density function and ZP(“L) = Zp(us) =
E(p[,, us) = 1. The energetic mutual information content,
MIC, accounting for the non linear interaction between the
two variables is quantified for different time lag 7 and height
z as:

MIC(up,us) = H(up) + H(us) — H(ug,us) (7)

The linear counterpart L(uy,,us), assuming normal distribu-
tion of the two variables uy, ,us, and null covariance matrix
C', is obtained as:

2 2
L(‘U.L,us):% Zzn(cﬁ)_Zm(ai) . (®
i=1 i=1

where ¢;; and o; are the diagonal term and the eigenvalues of
the covariance matrix C' respectively. iventually, the rela-
tive importance of non linearities in the interaction between
uy, ,us can be quantified as:

MIC(ur,us) — L(ur,,us)
MIC(uy,, us)

a(ur,,us) = (9)

a(ur,,us) thus depends on the definitions of both large
scale representative time histories and on the height z. While
the time series associated with the small scale velocity de-
pends on T, the large scale velocily series is more complex
to define.

Here below and in figure 5 we propose a possible alter-
native for the large scale velocity variable and ultimately we
discuss the observed differences.
pass filtering proposed in the wavelet analysis, we can define
different cutoff frequencies f. and compute the large scale
velocity time series as a low pass filtered velocity signal. We
choose f.=20, 50, 100, 200, 400 Iz, respectively associated
with figure 5, a)-e). Then in panel 5 f), we adopt the same
definition used in [12], where the large scale velocity is de-
fined as a instantaneous deviation from the mean velocity

Consistent with the low
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wp(t,z) = (u(t,z) — U(z))? and it is thus more related to
energy containing eddies rather than to the very large scales
of motion depicted e.g. in figure 1. In the latter case non
linear interaction occurs mostly farther from the wall (large
z1) and with smaller scale turbulence, i.e. with decreas-
ing small scale separation 7. However, when we consider a
large scale definition approaching that of a very large scale
of motion (smaller cutoff frequency f.), the non linearities
dominates a broader region in the 7, z+ phase space, pro-
gressively including layers closer to the wall (small z+) and
an increasing range of small scales (small to large 7).

The overall trend can be summarized as it follows: the
more the large scale relates to the meandering type of VLSM,
the more it can be said that non linear interactions are im-
portant in the range of small scales. So while dissipative
scales are non-linearly interacting with large scale energy-
containing-eddies close to the wall, the same large scales are
also non linearly interacting with the very large scale of mo-
tion throughout most of the wall layer.

CONCLUSION

In this contribution we present two different statistical
procedures aimed at quantifying scale interaction processes
in the atmospheric surface layer in near neutral condition
and thus representative of high Reynolds number turbulent
boundary layers. The first method is based on wavelet analy-
sis, the second one based on the Mutual Information Content
(MIC). Both results confirm that large and very large scale
motions are actively participating in near wall turbulence ac-
tivity. Non-linear types of interaction dominate with respect
to linear interaction, suggesting that the amplitude modu-
lation of near wall turbulence observed in the literature ([4],
[6]) in high Reynolds number flow, i.e. larger fluctuations
near the wall due to outer scale type of motions, is not sim-
ply due to an advection of small scale turbulent structures,
but it is a result of a non trivial interaction process where
small scales are progressively coupled with larger scale as we
move farther from the wall. This is [urther confirmed by a
wide range of wavelet scales that are all energetically active
simultaneously.

More work is however needed to understand if the under-
lined scale interaction processes correspond to the mutual
evolution (and mutual influence) of known structural types
in wall turbulence (e.g. hairpins, packets, and VLSM).
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Figure 3: Streamwise velocity component at zT ~ 2 - 10* superimposed to the low pass Fourier filtered velocity (f6/U < 0.5)
(left). Contour of the absolute value of the wavelet transform coefficients as a function of time, and of the time scale of each

Morlet wavelet.
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location for different chosen scales
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