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Summary. — In order to study the structure of the momentum flux in the inertial
subrange, wavelet transforms have been performed on wind velocity time series. A
conditional sampling has been utilised for separating intermittent contributions. A
quadrant analysis technique has been applied to the intermittent and non-
intermittent momentum fluxes. Their dependence on length scales, quadrants and
stability has been investigated.

PACS 92.60.Fm — Boundary layer structure and processes.
PACS 47.27.Qb — Turbulent diffusion.
PACS 02.30.Qy — Integral transforms and operational calculus.

Symbols

dy = measurement spacing in physical space

Du = longitudinal velocity difference

f@) = real square integrable function

H = hole size

I(m) = intermittence indicator function

k = position index

K, = universal constants for structure function of order n

= Monin-Obukhov length

= scale index

= order of the structure function

= number of wavelet coefficients at scale m
= quadrant index

= separation distance
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0 H = momentum flux fraction
= position translation
o H = time fraction
v, W = velocity components

= mean longitudinal velocity
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WUint) %o = percentage of intermittent events in the longitudinal wind component
uw(m) = mean momentum flux

UWinyy (M) = ntermittent momentum flux

UW (cony (M) = conditioned momentum flux

X, Y 2 = spatial coordinates

Winty P = percentage of intermittent events in the vertical wind component
€ = turbulent kinetic energy dissipation

¢ = 2/L stability parameter

A = scale dilation

v = kinematic viscosity

Y;,(t) = wavelet functions

Af(A,t) = wavelet transform

() = time average operator

(con) = conditioned time average operator

1. — Introduction

The dissipation of turbulent kinetic energy ¢ plays a fundamental role in the local
structure of turbulence[1]. This role is elucidated by the Kolmogorov similarity
hypotheses [2], from which the well-known structure functions result:

@) (IDu|") = K, ({e)y"*r"®,

where 7 is the structure function order, Du is the longitudinal velocity difference
between two points separated by a distance r, K, are universal constants and () is a
time average operator over a statistically stationary flow.

However, in a small fraction of the fluid volume large dissipation of turbulent kinetic
energy can occur, so that e exhibits an intermittent behaviour and its average value is
not significative enough for describing the local nature of the similarity hypotheses [3].
The effect of fluctuations in energy dissipation rate on the small-scale properties of
turbulence determines a deviation from relationships (1). This deviation has been
related (first by Landau, see [1], p. 584; [4], p. 126) to the inequality between (e)" and
(e"), so that the departure is more evident for large values of n (see, e.g., [5], for an
extensive discussion).

If the events responsible for the breakdown of the Kolmogorov similarity
hypotheses can be detected, a conditional sampling on intermittent events can be
performed. It is well known that extreme events largely contribute to turbulent fluxes.
The aim of this paper is to compare the structure of intermittent and not intermittent
components of the turbulent fluxes, and their dependence on stability, if any.

Following Katul et al. [6], hereinafter KACP, conditional wavelet statisties able to
identify the location of large dissipation events in the inertial subrange have been used.
This conditional sampling has been applied to several wind velocity data set measured
in an atmospheric surface layer, with thermal stratification ranging from neutral to
moderately stable (0 < <1, where {=2/L and L is the Monin-Obukhov length).
Then, in order to investigate the dependence of the conditioned data set on the hole
size, i.e. on the intensity of momentum transport, a quadrant technique [7] has been
carried out. Flux and time fraction diagrams enlighten the different behaviour between
intermittent and non-intermittent momentum fluxes. These differences are function of
the stability, of the length scale, and, overall, of the quadrants.
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A brief description of measurement site and data analysis is given in sect. 2. Basic
information on the wavelet transforms and on the conditional sampling used is
presented in sect. 3. The quadrant analysis technique, both for flux and time fractions,
is described in sect. 4. Finally, a discussion of the results is summarised in sect. 5.

2. - Measurement site and data analysis

The turbulent data here analysed have been sampled throughout the period from
November 20th, 1993 to February 12th, 1994, on the Nancen Ice Sheet, a permanently
frozen branch of the Ross Sea, Antarctica. More information about site characteristics
can be found in Giostra et al. [8] and Cava et al. [9].

The micrometeorological tower was located at 74°41’' 58" S and 163°30'50” E, in the
middle of a homogeneous snowy area of 50 X 3 km?, gently sloping (= 0.4%) along the
north-south axis.

Turbulence measurements have been performed at three levels (2, 4.5, and 10
meters) by symmetric 3-axis ultrasonic anemometers (Gill Inst. Ltd.). Wind velocity
components and sonic temperature have been sampled at a frequency of 20.8 Hz.

To avoid errors due to misalignment of ultrasonic anemometers with local
streamlines, data have been rotated [10] in a “streamline system”.

3. — Wavelet transforms

Wavelet transforms are mathematical techniques that can unfold signals in
components of different frequencies, allowing resolutions matched to any scale (see,
e.q., [11]).

Wavelet transforms are based on group theory and square-integrable
representation; they are transforms localised both in time (or space, using the frozen
turbulence hypothesis) and in frequency; they can be classified either as continuous or
as discrete. The continuous wavelet transform of a real square integrable function f(t)
can be defined as

+ o 1 3
@ Af(4,¢) = J’f(r)ﬁw(rlt)df,

P (0)=(1 /\/I) w((r —t)/A) are the wavelet functions obtained by dilating the
mother wavelet 1 (t) of an amount 14 (scale dilation) and by shifting 1(¢) in time of the
quantity ¢ (position translation).

Discrete wavelet transforms can be obtained by discretizating A and ¢:

®) Aftm, k) = 45" [f6) p(Ag "t - kto) dt,

where 1,>1 is the base of dilation and m is the corresponding integer scale index;
to >0 is the translation length and k is the corresponding integer scale index. Then,
A=A¢ and t = kty Ay

For turbulence measurements orthonormal discrete wavelet transforms are
preferred, both because they form a complete basis with mutually orthogonal kernel
functions, and because they give a physical interpretation of the expansion coefficients
from the energetic point of view. In particular, choosing A, =2 and ¢, =1, a complete
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orthonormal basis (v, ;(t)) for all functions having finite energy can be created:
4) Yo k() =272 (27"t — k).

In this way, f(f) can be approximated, up to arbitrary high precision, by a linear
combination of the wavelets y,, (%), i.e.

) 0 =33 Afom, k) 1, 10).

Therefore, the wavelets provide a time-scale representation of the process where time
and scale locations are given by indices k and m, respectively [12].

The Haar wavelet is frequently used in geophysics applications, giving an excellent
localisation in physical space. Moreover, the differencing characteristics of the Haar
wavelet allow explicit relations between the n-th order structure function and the
wavelet coefficients.

The Haar function defined as follows:

+1, —-05<x<0,
(6) Yr)=< -1, 0<x<+05,
0, otherwise

constitutes an orthonormal basis for all functions that have finite energy.
In this work, the Haar wavelet is applied to wind velocity components:

Uiy Viy Wy with i=1,2M,

where M = 16 and 2¥ = 65536 data points.
Difference terms, corresponding to Haar transform values, describe variations in
the wind component; for the longitudinal component, they are defined as

2m71

(7 Au(m, k) = “2% 2(u2"”(k—1/2)+j - u27”(k~1)+j)
i=

and they characterise the average change in the u signal on the scale m across the
interval [2"(k — 1), 2" k], with k =1, 2¥~™[13].
Such wavelet coefficients can be related [6,13], to the n-th order function:

(| Au(m, k) |")

8 +7)— "y~
®) (Jue +7) - u@) [") e

)

where = 2"dy is the separation distance (in meters); dy =f,"' U, f, is the sampling
frequency and U is the mean longitudinal velocity; (), on the right side of (8), is the
averaging operator applied to the wavelet coefficients over all values of the position
index k at scale m. As already mentioned, the structure functions diverge from
theoretical relationships (see eq. (1)) because of the intermittency.

The intermittency results in intense and isolated dissipation events. These events
interest only small fluid fractions, surrounded by passive fluid. In Tennekes and
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Lumley [14] the turbulent kinetic energy dissipation rate in isotropic turbulence is
a 2

(©) <s>=15v<[—@3]>,
ox

where v is the kinematic viscosity and u the velocity fluctuation in the longitudinal
direction. Moreover, Tennekes[15] suggested that intermittency results in a large
spatial variance in the dissipation o2 around its mean value (&). Using these arguments,
KACP have proposed a relation between & and the wavelet coefficients (see [6],
eq. (22)). A threshold value equal to 5 times the averaged squared wavelet coefficients
at scale index m is proposed by KACP to select intermittent events:

(10) [Au(m, k) > 5{[Au(m, k)F).

Applying this conditioning criterion, the data set can be splitted into an intermittent
and a non-intermittent subset. Therefore, a conditional n-th order structure function
can be defined as

(| I(m) Au(m, k) |" )
(dy)"

where hereinafter the subscript (con) refers to conditioned quantities; I(m) is the
intermittence indicator function at scale m, which is equal to 0 or 1, depending on
whether (10) is satisfied or not. { ) is the averaging operator over all non-zero values
of [I(m) Au(m, k)].

(11) (JuCae +7) = u@) |"Yeon) ~

’

4. — Quadrant analysis

Intermittency in the atmospheric boundary layer can account for a large portion of
flux transport of scalars such as momentum and heat. The role of intermittent events
can be investigated using the quadrant analysis technique [7].

This method sorts the momentum transport into quadrants according to the signs of
Au(m, k) and Aw(m, k), 1.e. to the longitudinal and vertical wind components wavelet
coefficients.

The four quadrants (¢ =1, 2, 3,4) in which the momentum flux is partitioned are
defined in the following way:

q=1 when Au(m, k) >0 and Aw(m, k) > 0, outward interaction or reflection;
q =2 when Au(m, k) <0 and Aw(m, k) > 0, ejection;

q =3 when Au(m, k) <0 and Aw(m, k) <0, inward interaction or deflection;
q =4 when Au(m, k) >0 and Aw(m, k) <0, sweep.

“Ejections” are produced by slow air moving from the surface, whereas “sweeps”
are produced by fast air moving down. Both these structures give a negative
momentum flux. On the other hand, reflections and deflections represent the
interactions between ejections and sweeps, giving a positive contribution to the
momentum transport [16].

The intensity of contributions to the intermittent and non-intermittent fluxes can
be analysed as a function of total momentum flux. Therefore, a threshold parameter H,
called hole size, is introduced.
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On the scale m, the conditional average of the vertical momentum flux
(Au(m, k)* Aw(m, k)), u, in the g-th quadrant and outside of a hole size H, is the
following:

1

(12) (Aulm, k)* Aw(m, k), u = Yo

2;;‘ (Au(m, k)* Aw(m, k) I, u,

where N(m) is the number of wavelet coefficients of scale m; I, y , is an indicator
function defined as

1 when the point (Au(m, k), Aw(m, k)) is in quadrant ¢ and

’

(A3) I mx=1 |Aulm, k)* Aw(m, k)| >H

2 uw(m)

0 otherwise (the point is inside the hole),

1

(14) - uw(m) = YR

; (Au“’”(k)* Aw(m)(k))

is the mean momentum flux of the scale m, and > ww(m) the total of the mean flux of
every scale. "

Therefore, the threshold H selects the flux contribution H times greater than the
total momentum flux.

The conditionally averaged momentum flux is then defined as

(15) S, u = (Au(m, k)* Aw(m, k)>q,H/ ‘ % uw(m) ‘ .

Moreover, analogously to the flux fraction (eq. (15)), it is possible to calculate the time
fraction as follows:

1
16 T y= — 2 .
(16) of N(m)Ek: 0 Hk

The described quadrant analysis can be applied both to the intermittent and
non-intermittent subset, in order to investigate their structure on different scale m,
their dependence on stability and their intensity (i.e. their dependence on H).

5. — Results and discussion

As a first step, we have applied the conditional sampling (eq. (10)) to the data set.
As expected (see, for example, [17]), the effects of intermittency are enhanced for large
values of the structure function order n. The analysis of the sixth-order structure
function corroborates the reliability of the wavelet conditional sampling.

Figure 1 shows the suppression of intermittence in the conditioned structure
functions. Two cases with different thermal stratification are presented. Since the
inertial subrange is not affected by stability, no significant differences are expected.
Both the regression fits approach the theoretical slope.

If the KACP conditional sampling has efficiently suppressed the intermittency, the
velocity statistics within the inertial subrange do not differ significantly from a
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Fig. 1. — Comparison between conditioned and unconditioned sixth-order wavelet structure
functions, relative to: a) data sampled in the period 00-01 a.m. of January 30th 1994, U = 3.4 m/s
and #z/L = 0.6; b) data sampled in the period 10-11 a.m. of January 23rd 1993, U = 7.8 m/s and
2/L = 0.1. Continuous lines represent the theoretical slope in the inertial subrange; dashed and
dotted lines represent regression fits of unconditioned and conditioned data, respectively.

Gaussian [18]. In fig. 2a) the probability density function (pdf) of the three velocity
components for the scale m =4 (corresponding to 1.3 Hz or, using the frozen
turbulence hypothesis, =6 m) is shown. The effect of the conditional sampling is
evident in fig.2b), where all the velocity component pdfs approach a Gaussian.
Noteworthy, standard deviation values are quite similar (o, =0.13 m/s, o, = 0.14 m/s,
0, = 0.12 m/s), reflecting the isotropy of the inertial subrange.

The skewness (Sk) and kurtosis (Ku) as a function of separation distance r are
shown in fig. 3, both for conditioned and unconditioned cases. A Gaussian statistic (i.e.,
Sk =0 and Ku = 3) is approached in the whole inertial subrange.

The conditional sampling has been applied to data set with stability ranging from
neutral to moderately stable conditions (0 < <1). The proposed tests (Gaussian
behaviour of the velocity statistics and structure function slopes) have shown that the
intermittence is suppressed irrespectively to stability. Therefore, the contributions of
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Fig. 2. — Probability density functions for a) unconditioned and b) conditioned data of the three
velocity components for the scale m = 4; data are relative to the same period shown in fig. 1b).



184 U. GIOSTRA, S. SCHIPA and D. CAVA

10— -) L LR
- a) 1 L b) _|
sl ] 0.8
L o 1} ]
— 6F 4 L < -
= o g o ] o o o 80+ =
3 o e 3t -] 1 =
4+ g ¥ oo 0O n
— % w8 §90
2k =41 LN
0-......1 sl . ] | Lol  1-04
]00 ]01 ]00 ]0]
r(m) 1 (m)

Fig. 3. — Kurtosis (a) and skewness (b) of longitudinal (diamonds) and vertical (squares)
probability density functions relative to the data set shown in fig. 1b). Empty symbols refer to
unconditioned data, full symbols to conditioned ones.
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Fig. 4. — Percentage of intermittent events %y, % in the longitudinal wind component (a), w,) %
in the vertical one (b), and percentage of intermittent momentum flux (c¢) as a function of
separation distance r and for different atmospheric stability conditions.
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Fig. 5. — Quadrant representation of the intermittent (empty stars) and non-intermittent (full
points) flux fraction at different scales r and for different atmospheric stability conditions. Symbol
colours refer to: blue to z/L = 1.0; cyan to z/L = 0.5; green to z/L =~ 0.2 and magenta to z/L =~ 0.1.

both the conditioned (Gaussian) and intermittent parts of the flow can be separately
investigated.

First of all, it can be observed that only a small fraction (=4%) of the velocity
fluctuations (i.e. of the wavelet coefficients) is intermittent, both for longitudinal and
vertical components (see figs. 4a), b)). Note that this fraction depends neither on the
length scale, nor on the stability in the whole inertial subrange. We split the mean
momentum flux, defined in eq. (14), into an intermittent wwqy)(m) and in a conditioned
UW(eony(m) contribution (where uwon) (M) = uw(m) — uwgyy(m)). We define the
intermittent momentum flux at scale m, as the cross-correlation between Au(m, k) and
Aw(m, k) when at least one velocity component is intermittent. Despite its moderate
occurrence, the intermittent momentum flux wuwgy(m) contributes to the total



186 U. GIOSTRA, S. SCHIPA and D. CAVA

Hole Size ) -1 0 Ji 2
0.4 11 I+ l
I ¢ T § L= 1.5m 7 =
0.2 + C . e . E
0.0 desnaensll @mwmmwmmnm&éégwmumm =
O 0am T : 1 2
-0.4 FIII 1v + I IV 4
-1l I T1I 1104
§ | : 1 & r=6m 1o,
< e Q
. wwmﬁ%@ %&&mmmrmmﬂ%@% %wm&ms 0.0
LY .
E fr=3m -_ 4-0.2
L 111 v LI ‘ 1.4
04T l T l
I T ¥ r= 24 m =
0.2 § T+ ¢ - T
¢ i1 E
0.0 mmmﬁ%ﬁfégmmwwmﬁiéﬁf@mmm :
8 N 8 ©
0.2 __r-12m 1 _ i E
-0.4 FIII T v 111 ’
-2 -1 0 1 2 Hole Size

Fig. 6. — As in fig. 5, but for time fraction.

momentum flux uw(m) as efficiently as the conditioned momentum flux uw ., (m) (see
fig. 4¢)). Again, the independence on the length scale and on the stability is
remarkable.

Using the above-presented quadrant analysis, a comparison between ;) (m) and
UW(eom (M) as a function of quadrants, length scale and stability has been performed.

Figure 5 summarises this comparison for the flux fraction. At small scale (r<1.5m)
the overall behaviour is similar for both the intermittent and the conditioned fluxes;
i.e., the flux fractions have the same intensity and sharply decrease as a function of the
hole size in all four quadrants. Therefore, it should be pointed out that, at small scale,
i) large intermittent fluctuations are inhibited, and ii) since the upward momentum
transport is comparable with the downward one (see, e.g., [7]), contributions to the total
momentum flux are small. A weak dependence on stability is observed.
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When the length scale increases, the contribution of ejections and sweeps
(quadrants 2 and 4) becomes dominant with respect to reflections and deflections
(quadrants 1 and 3), giving rise to a typical butterfly shape. Therefore, the total
momentum flux (i.e. the difference between even and odd quadrants) becomes
negative, driven by ejections and sweeps. The values of the intermittent and
conditioned flux fractions are similar for a hole size H =0, according to fig. 4c).
However, uwy,(m) and uw ., (m) exhibit different behaviours as H increases, i.e.
looking at even more energetic contributions. Specifically, uw,,(m) is larger than
UW(eony (M), thus reflecting the strong intensity of the instantaneous intermittent
contributions to the total flux.

The clear dependence on stability is remarkable: although the total intermittent
contribution to the total momentum flux (about 40%) does not depend on stability, the
energy associated to the intermittent events does. At the largest scale here analysed
(r = 24 m), the energetic intermittent contributions (H >>1) are weakened in the more
stable cases ({=1). Odd quadrants seem less sensitive than even quadrants with
respect to both hole size and stability.

More information can be obtained by the time fraction quadrant analysis (fig. 6). As
expected, the uwy,(m) time fraction is much smaller than the ww, () time fraction
irrespectively of length scale, hole size, and stability. Therefore, the same momentum
quantity (uwn (M) = Uweeny(m)) is transported by intermittent fluctuations more
efficiently (typically 15 times more efficiently) than by the non-intermittent ones.

r(m) 0 1 10
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0.5

uw(int)(m)/uw(can)(m)

S
=

uw(in,)(m)/uw(con)(m)

sl L1 a1l 2 a1 a2l Lol 00
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Fig. 7. - Ratio of intermittent and non-intermittent vertical momentum flux as a function of the
distance separation r for all quadrants. Different symbols refer to different atmospheric stability
conditions.
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Conditioned flux exhibits an asymmetry between odd and even quadrants (more
evident in the larger scales); i.e. energetic events are more persistent or frequent in
ejections and sweeps.

Figure 7 enlightens the uwy,,(m) and uw.,(m) dependence on length scale. Once
again, even and odd quadrants show different behaviours. In the odd quadrants the
ratio uwngy (M) /UWony(m) decreases as the length scale r increases, whereas in the
even quadrants the ratio increases as r increases. Therefore, the role of intermittence
is emphasised in ejections and sweeps.

6. — Conclusions

In order to detect intermittent events in the inertial subrange, a conditional
sampling based on wavelet spectral analysis [6] has been performed on wind velocity
data set. Data are referred to measurements collected in an atmospheric surface layer
over a flat and homogeneous terrain. The thermal stratification ranged from neutral to
moderately stable condition (0 < £ < 1). The reliability of the conditional sampling has
been validated comparing the conditioned wavelet statistics to the theoretical structure
functions and to the expected Gaussian statistics in the inertial subrange. A comparison
between intermittent and non-intermittent momentum fluxes has been performed
using a quadrant technique. Their dependence on length scale, quadrants and stability
has been investigated.

To summarise, the following results can be enlightened: i) the intermittent and
non-intermittent momentum flux intensities are quite similar in the inertial subrange;
ii) intermittent events are active in a small time fraction (< 10%); iii) neglecting the
smaller scales (» <1 m), ejections and sweeps are the most energetic mechanisms for
the momentum transport both for intermittent and non-intermittent fluxes;
iv) the intermittent fractional flux is still intense for large hole size, evidencing
extremely intense events; v) quadrant analysis as a function of hole size detects a
dependence on stability; the independence from stability of both the total intermittent
and the total non-intermittent momentum flux is remarkable; vi) the ratio
UW(int) (M) /UW(cony (M) decreases in the odd quadrants as the length scale r increases; on
the contrary uwgyg (m)/uwon (M) increases in the even quadrants as r increases;
therefore intermittence is enhanced in large ejections and sweeps occurrence.

& ok ok

This work has been partially developed in the frame of the CNR-PAT Project
“Analisi teorica e sperimentale dei processi di scambio di energia e materia tra
ecosistemi forestali e atmosfera”, and partially in the frame of the Italian National
Program for Research in Antarctica (PNRA).
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