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Abstract

One of the hallmarks of the stable boundary layer is the switching between turbulent
(active) and non-turbulent (passive) states. In very stable conditions, the boundary layer
becomes layered with fully-developed turbulence confined to a shallow region near the sur-
face. In the quiescent region above this near-surface layer, the turbulence is weak, inter-
mittent and detached from the ground. These conditions promote the development of a
low-level jet that re-energizes the turbulence through an elevated shear layer. The Monin—
Obukhov similarity theory fails in the layered stable boundary layer thereby making the
quantification of mixing and transport properties challenging for numerical models. In the
present study, multi-level time series from a tall (140 m) meteorological tower are analyzed
using the telegraphic approximation to investigate analogies with a general class of inter-
mittency models that include self-organized criticality. The analogy between turbulence
and self-organized criticality is restricted to clustering properties of sign changes of flow
variables for describing switching between turbulent and non-turbulent states. The tele-
graphic approximation provides a new perspective on clustering and on external and inter-
nal intermittency for periods dominated by turbulent motions, a low-level jet and submeso
motions. Some of these periods are characterized by the absence of turbulence but occa-
sionally punctuated by bursts of intermittent turbulent events. The switching probability of
active—inactive states and the lifetimes of inactive states (related to intermittent turbulent
bursts) show evidence of self-organized-criticality like behaviour in terms of scaling laws.
The coexistence of self-organized criticality and intermittent turbulence may offer new per-
spectives on the genesis of scaling laws and similarity arguments, thereby improving the
performance of numerical models in the stable boundary layer.
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1 Introduction

While the significance of stable boundary-layer (SBL) flows in transporting heat, mois-
ture, and contaminant is not in dispute, characterizing SBL dynamics continues to draw
inquiry and research attention. For mildly stable conditions, where the Richardson num-
ber Ri < 0.25, the flow statistics scale reasonably with Monin—-Obukhov similarity theory
(Mahrt 1998; Pahlow et al. 2001; Grachev et al. 2005). Here, Ri = ([3)(09/(3z)(S)_2 is a
non-dimensional parameter that measures the ratio of buoyancy destruction (in the SBL)
to the mechanical production of turbulent kinetic energy (TKE), where g = g/ is the
buoyancy parameter, g is the acceleration due to gravity, S = dii/dz is the mean velocity
gradient, # is the mean horizontal wind speed, and € is the mean potential temperature.
With increasing stability, Ri becomes large, the SBL becomes layered (especially when
Ri > 0.25), and fully-developed turbulence may be confined to shallow regions near
the ground where the mechanical production term (S) remains locally large. Away from
this confined region, a quiescent layer in which turbulence is weak or intermittent devel-
ops, conducive to the formation of a low-level jet (LLJ) and the propagation of submeso
motions (Banta et al. 2007; Mortarini et al. 2018). Accompanying the LLJ is the intermit-
tent production of TKE at an elevated source from the ground roughly located at the nose
of the jet (where & is maximum). The layering within the SBL poses challenges in quantify-
ing mixing and transport properties, especially in numerical weather prediction. In the qui-
escent region, the significant role of fine-scale turbulent eddies, external intermittency or
bursts in turbulence, and the fact that eddies become detached from the ground at finite dis-
tances from the surface introduce major departures from the widely used Monin—Obukhov
similarity theory (Mahrt 2014; Acevedo et al. 2015; Monahan et al. 2015; Lan et al. 2018).
Moreover, the anisotropy in the energetics of eddies becomes accentuated when Ri > 0.25
compared to near-neutral or slightly stable conditions (Ri < 0.25). This anisotropy results
from the strong damping of vertical turbulent motions by buoyancy forces whereas the
horizontal motions remain finite and occasionally large because of the straining action due
to shear forcing (Smyth and Moum 2000). Energetically, eddies become disk-like and this
shape describes integral lengths of eddies in all three directions. The pressure redistribu-
tion or ‘return-to-isotropy’ term is unable to support the efficient redistribution of energy
between the horizontal (where the TKE production term is introduced) and vertical direc-
tions because buoyancy (responsible for the TKE destruction) is sufficiently large and the
associated relaxation time scale of the return-to-isotropy becomes small (Bou-Zeid et al.
2018). These conditions lead to one of the defining hallmarks of the SBL, i.e., the switch-
ing between turbulent (active) and non-turbulent (passive) states. The anisotropy of tur-
bulence and the consequences of switching between active and inactive states to intermit-
tent turbulent transport of heat and momentum continue to pose barriers to progress within
numerical weather prediction (Stiperski and Calaf 2018; Vercauteren et al. 2018). The
work proposed here does not claim to address this challenge. However, identifying con-
nections between such SBL states and a general class of intermittency models describing
on—off and off-on switching may offer a logical starting point (Bershadskii et al. 2004;
Sreenivasan and Bershadskii 2006). In particular, we ask whether self-organized critical-
ity (SOC) is a plausible intermittency model for such on—off and off—on switching thereby
offering a new perspective on the genesis of scaling laws and similarity arguments in the
very stable SBL. The analogy between turbulence and SOC has been recently confirmed in
direct numerical simulations of strongly stratified mixing layers where turbulence is gen-
erated by the so-called Holmboe wave (Salehipour et al. 2018). This analogy motivated
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the data analysis undertaken here. Self-organized criticality is associated with dissipative
systems possessing many degrees of freedom that operate near a configuration of minimal
stability or critical configuration (Sornette 2003; Pruessner 2012). In such a state, small
disturbances can cause events of all sizes (or durations) characterized by power-law dis-
tributions. The classical experiment motivating SOC is the well-studied sand-pile model
where, in the long run, the sand-pile slope evolves to a critical state where an added single
grain of sand is likely to just settle on the pile, but also has a non-negligible probability
of triggering an avalanche. This experiment suggests that the critical state is sensitive to
external stimuli because a small variation can cause a large response (Bak et al. 1988).

In terms of turbulent quantities, radiative cooling increases buoyancy destruction that
squashes eddies in the vertical direction (both in size and turbulent kinetic energy). For
very stable states, the pressure-redistribution (or return-to-isotropy) is inefficient in trans-
ferring kinetic energy from the planar components to the vertical. However, any distur-
bance to this regime allows some of the turbulent potential energy stored in the vicinity of
the LLJ nose to be released into localized bursts of sensible heat flux, which then affect the
generation of TKE in the vertical direction (Mortarini et al. 2018). Pressure redistribution
becomes efficient and transfers this localized burst of energy in the vertical direction to the
horizontal components. Such bursts in TKE are responsible for the formation of intermit-
tent turbulence. The work here distinguishes between two types of intermittency: ‘external
intermittency’ is used to characterize an intermittent turbulent state describing the velocity
components themselves; ‘internal intermittency’ is presumed to be associated with correc-
tions to Kolmogorov scaling (Kolmogorov 1941; hereinafter referred as K41) in the inertial
subrange (ISR) as well as finer scales and is linked to velocity gradients rather than the
velocity components. A localized turbulent burst disrupts and weakens the mean tempera-
ture gradient that has been established by radiative cooling allowing self-sustained TKE
over durations longer than the burst duration itself. The switching probability of active-
inactive states and the lifetimes of inactive states (related to intermittent turbulent bursts in
the SBL) may show evidence of SOC-like behaviour in terms of scaling power laws.

To clarify this issue and explore some aspects of the analogy between SOC and the
SBL, multi-level high frequency time series are analyzed from measurements taken on a
tall (140 m) meteorological tower. The selected period includes three phases: a weakly
stratified state at the beginning of the nocturnal period (Ri ~ 0.1), a transition period
characterized by a higher stratification (Ri > 0.25), and a period in which the LLJ devel-
oped across the quiescent layer where Ri indicates a layered structure of the SBL, with
fully-developed turbulence close to the ground (Ri ~ 0.1) and turbulence detached from
the ground that is intermittently produced in the layer beneath the LLJ nose (Ri oscillat-
ing between 0.2 and 0.5). The focus is on scaling laws, event clustering, and connections
between on—off and off—on switching as viewed from a SOC perspective with corrections
introduced due to intermittent turbulence in all three phases and all three layers (near the
ground, in the quiescent layer, and above the LLJ nose). Aspects of the submeso motions
that develop after the formation of the LLJ are shown to carry signatures of the co-exist-
ence of SOC and intermittent turbulence, especially in event clustering and intermittency
exponents within the quiescent layer. To be clear, this is not the first instance for which tur-
bulence properties are found to share some resemblance to SOC (Sreenivasan et al. 2004)
or that SOC and intermittent turbulence may coexist (symbiotically) (Uritsky et al. 2007).
However, this may be the first instance where connections and the coexistence of SOC and
intermittent turbulence in the SBL are analyzed prior to and after the formation of a LLJ
using multi-level time series of wind velocity components and temperature. Here, the focus
is on externally forced intermittency affecting the production scales of turbulence and
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driven by non-stationary and localized shear produced by the LLJ and submeso motions
(Mahrt 2014). Furthermore, internal or small-scale intermittency resulting from interaction
between turbulence and the shear in the mean flow affecting the transfer and dissipation of
TKE at smaller scales is investigated (Tennekes 1973; Sreenivasan and Antonia 1997).

2 Measurements
2.1 Experimental Set-Up

The study is based on the flow field measured during a nocturnal period at a coastal site in
Espirito Santo State (10°31'53"S; 39°48'03"W), south-eastern Brazil. The tower is located
in a continental area at a distance of 4 km from the coast in a region where the coastline
of the Atlantic Ocean has a south-south-west to north-north-east orientation. The terrain is
generally flat up to 30 km from the tower location. The wind velocity components (u, v, w)
and air temperature (7') were collected at a sampling frequency of 10 Hz using 3-axis sonic
anemometers (Campbell CSAT 3b) positioned at 11 levels (1, 2, 5, 9, 29, 37, 56, 75, 94,
113 and 132 m) above the surface. The 140-m tower instrumentation was designed to pro-
vide a detailed characterization of the vertical structure of the lowest portion of the atmos-
pheric boundary layer. The tower has been installed directly to the north of the facilities of
Linhares Geracdo SA, a thermoelectric power plant, at a distance of 245 m from the main
buildings, which are 13.8 m high. Details about the experiment can be found in Acevedo
et al. (2018) and Mortarini et al. (2018).

2.2 The Case Study

Data analyzed here have been sampled between 8 and 9 October 2016 from 2100 to 0500
local standard time (hereinafter LST). The selected night was characterized by a nocturnal
breeze circulation associated with the absence of forcing at the synoptic scale that allowed
the formation of a coastal LLJ. Figure 1 shows the averaged wind-speed profiles every
1 min and Fig. 2 shows the contour plot of the gradient Richardson number in finite dif-
ference form (Ri = JAOAzA(U)™*) during the night, where A@ is the potential tempera-
ture difference measured across a layer of thickness Az = z — z,,, z is the height above the
ground and z,,, is a reference height (2 m in the present work), and A(U) is the accompany-
ing wind-speed difference at height z. The Ri value evaluated every minute at each height z
was used as a measure of the atmospheric stability. This choice of this form of Richardson
number is less vulnerable to measurement errors when compared to the flux Richardson
numbers given the small fluxes and the non-monotonic mean wind-speed-profile shape in
the very stable boundary layer.

Figures 1 and 2 highlight the transition of the mean wind-speed profile from a nearly
logarithmic shape at the start of the evening (first phase, characterized by a weakly stable
boundary layer, Ri ~ 0.1) to a short period of light winds at 2230 LST. This period was
associated with the arrival of a cold airmass originating from land and subsiding as the air-
mass encountered coastal water. The influence of this event tended to progressively affect
all measurement levels between 2230 and 0100 LST (second phase, characterized by high
stability with Ri > 0.25). At 2300 LST, the activation of a jet commenced and became
fully-developed at 0100 LST, reaching its final height of 56 m and its maximum speed of
4 m s~! at 0300 LST. In the period between 0100 and 0500 LST, the SBL became layered
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Fig. 1 Temporal evolution of local time
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Fig.2 Contour plot of the Richardson number evaluated every minute relative to the night between the 8
and 9 October 2016

with fully-developed turbulence confined to a shallow region near the ground (where
Ri ~ 0.1) and a region immediately under the LLJ nose between the heights of 10 and 56 m
where Ri assumed values ranging from 0.2 to 0.5, suggesting that the SBL is near a ‘phase
transition’ between turbulent (Ri < 0.25) and non-turbulent states. The statistical properties
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of the LLJ and layered structure of the SBL have been investigated and reported elsewhere
(Mortarini et al. 2018) and are not repeated here. After the complete development of the
LLJ (after 0100 LST, third phase), three distinct layers were identified: a thin stable bound-
ary layer below 20 m, a quiescent layer close to the LLJ nose and a turbulent layer above
94 m. In the quiescent layer, the TKE and fluxes were very small, tending to increase close
to the ground and intermittently in the turbulent layer above 94 m (see Fig. 9 in Mortarini
et al. 2018). One of the main results from the aforementioned study was the observation of
both horizontal and vertical submeso motions throughout the entire measurement domain
after LLJ inception. The detected and persistent fluctuating horizontal velocity components
were characterized by periods ranging between 16 and 50 min and were responsible for
the apparent ‘pulsing’ of the LLJ nose, also evident in Fig. 1. On the other hand, vertical
waves discontinuously activated in the quiescent layer propagate below and above it, with
the waves disrupting and triggering intermittent turbulent events at the boundaries and out-
side the quiescent layer.

3 Method of Analysis

Clustering and intermittency properties of the flow variables before, during, and after
the evolution of the LLJ were investigated by employing the telegraphic-approximation
method. For completeness, the approach and the definition of various scaling exponents are
briefly described. Further details are presented in Bershadskii et al. (2004) and Sreenivasan
and Bershadskii (2006), hereafter referred to as BO4 and SB06, respectively.

3.1 The Telegraphic Approximation

The telegraphic approximation (TA) of a zero-mean variable s(f) was defined by B04 and

SBO6 as,
_1( 50
TA(s) = 5 < O] + 1> (1)

where s'(f) = s(tf) — 5 and the overbar indicates time averaging. Thresholds other than a
zero-mean can be used, but here the definition in Eq. 1 was adopted throughout for consist-
ency with prior studies (B04; SB06; Cava and Katul 2009; Poggi and Katul 2009; Cava
et al. 2012). Figure S1 (in Online Resource 1) shows an example of a 30-min time series
of the lateral velocity component (top) and the corresponding 7A values (bottom). The
telegraphic approximation preserves the so-called zero-crossing properties of the original
series but removes amplitude variations. Thus, the binary nature (on—off) of the telegraphic
approximation allows the isolation of clustering events at different time scales without
being influenced by amplitude variations.

3.2 Spectra

The ‘switches’” from 0 to 1 or 1 to 0 in the TA series may be correlated in time if they are
associated with coherent events (turbulent or not is irrelevant). Such a correlation structure
can be investigated by considering the relation between the spectral scaling exponents of
s(?) (affected by both amplitude variability and clustering) and of TA(s) (affected only by
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the memory of the on—off or off-on switching). Denoting the spectra of s'(f) as E(f) and
of its telegraphic approximation as E;,(f) (where f is the frequency) and assuming that
these spectra scale as " and f~, respectively, then the goal is to establish a relation
between m and n. A number of experiments and analyses on a wide range of stochastic pro-
cesses (including 1 /f noise) already showed that the spectral exponents n and m are linearly
related by

m=an+b. 2)
SBO06 heuristically obtained a = b = 1/2 for a wide range of stochastic processes, includ-
ing turbulence far away from boundaries. Hence, for n = 5/3 (typical of ISR scaling in tur-
bulent spectra), the expression of SB06 predicts m = 4 /3. That is, the telegraphic approxi-
mation exhibits slower spectral energy decay with increased frequency when compared to
the original series. Although the precise values of a and b differ among various studies
including canopy sublayer and surface-layer turbulence (Cava and Katul 2009; Poggi and
Katul 2009; Cava et al. 2012), the spectral decay in telegraphic approximation appears to
be generally slower when compared to s(¢). Equation 2 also suggests that when n < 1, the
spectral decay in telegraphic approximation becomes steeper than its s(#) counterpart (i.e.
more memory in the off—-on and on—off switching than the original series as has been shown
for rainfall by Molini et al. 2009). These experimental results suggests that amplitude vari-
ability may de-correlate the series relative to the memory in on—off or off—on switching.

3.3 Non-Gaussianity

An important property of the telegraphic-approximation technique is its capacity to par-
tially preserve the non-Gaussian properties encoded in the intermittency of the original
time series. In a turbulent field, intermittency and the resulting non-Gaussianity of turbu-
lent velocity gradients is a consequence of the non-linear dynamics of the Navier—Stokes
equations. As a matter of fact, one of the characteristics of inhomogeneous and intermittent
turbulence is the non-zero skewness of the velocity and of the velocity gradient distribu-
tions. The telegraphic-approximation technique preserves the non-Gaussian properties of
the original series using the fraction of time (I7,) describing the ‘on’ phases (TA=1). In
particular, the skewness of an arbitrary flow variable (Sk, = (3)3 = ;4/, where o, is the

standard deviation of s(f)) can be analytically linked to I', using a thifh-order cumulant
expansion method (CEM) of the probability density function (p.d.f.) (Nakagawa and Nezu
1977; Raupach 1981; Katul et al. 1997; Poggi et al. 2004; Katul et al. 2006) given as

) ~ [(1/\/2n)exp(—§2/2)] (1 + (1/6)Sks<§3 - 3s>> 3)
where the term in the squared bracket represents a Gaussian distribution and the term in

the rounded bracket represents the first-order correction to a Gaussian distribution. The
fraction of time § > 0 (= I',) can be derived via,

r, = Zp(«:)d: = (1/2) - (1/12)8k,\/2/x. @

which can be used to assess how well the telegraphic approximation preserves non-Gaussi-
anity in the original time series.
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3.4 Clustering Exponents

Within the telegraphic-approximation framework, clustering is linked with the cor-
relation in space or time of the on—off and off-on binary switches. SB06 determined
the clustering exponent from scaling relations applied to the density of zero-crossing
(n,(1)). The time series of n_(f) was computed from the number of zero-crossings for the
portion s'(¢) to s'(¢ + 7) normalized by the total number of points in the time interval ¢
and the clustering exponent (a) was determined by the following expression

—1/2 e
onz  ~1 Y, Q)

where 6n_(t) = n (1) —m, and m is the long-term mean zero-crossing density. For
white noise, taken here as an example of no significant clustering, @ = 0.5. On the other
hand, for well-developed turbulence extrapolated to infinite Taylor microscale Reynolds
number (Re;), SB06 demonstrated large clustering characterized by a = 0.1. In the same
study for a finite Re,; € [200,20000], a ranged from 0.25 to 0.40 within the ISR, but
approached a white noise value (i.e. 0.5) at larger scales. This behaviour reflects the scale-
independent near-Gaussian behaviour of the statistics of the velocity-difference amplitude
at large scale (decorrelated in time), as well as the scale-dependent non-Gaussian statistics
in the ISR observed in a number of studies (SB06; Katul 1994; Katul et al. 1994, 2009;
Meneveau 1991; Sreenivasan and Antonia 1997, inter alia).

3.5 Intermittency Exponents

Because variance (or energy) dissipation rate is proportional to the squared spatial gra-
dients, converted to temporal gradients using Taylor’s frozen-turbulence hypothesis, the
internal intermittency properties of a turbulent series at small scales can be inferred
from the scaling of the moments (e.g. BO4, SB06),

(&)’
-_—q
(&.0)

2 t+1

and &, = (1/7) [ &(f)dt. The scaling exponents (73] for differing
t

~ T He (6)

where &(1) = %

q(> 1) were first proposed as measures of small-scale intermittency by Obukhov (1962)
and subsequently were used in turbulence research (Kuznetsov et al. 1991, 1992;
Sreenivasan and Antonia 1997; Katul et al. 2001, 2009; Giostra et al. 2002; Shi et al.
2005). For comparison with previous studies (SB06; Cava and Katul 2009; Poggi and
Katul 2009; Cava et al. 2012), the second-order exponent (u,) was computed for s(¢) and its
telegraphic approximation. These two exponents are referred to as y, and iy, respectively.
Information on both amplitude and clustering of series are contained in y,, while a non-
zero value of up, indicates a clusterized distribution of pulses in the dissipation rate for
TA(s). As a consequence, ppy > j, indicates that amplitude variations mitigate internal
intermittency; pyy < M, indicates that amplitude variations amplify internal intermittency;
Hra ~ Mg indicates that the observed intermittency may be mainly due to clusterization and
not to amplitude variations.
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The study of SB06 demonstrated that p (for s = u) linearly decreases with decreas-
ing 1 /ln(Re 4) and approaches 0 as Re; — oo. Moreover they found a linear correlation
between clustering and intermittency exponents (4, (Re ,1) = a(Re x) —0.1) that implies
that clustering at fine scales explains all the variations in y, (affected by both clustering
and amplitude variability) as Re, varies. Cava et al. (2012) found that such a relation
holds across a wide range of stability and surface roughness conditions for the longitu-
dinal velocity component and scalars, with the regression slope increasing with increas-
ing surface roughness. On the other hand, a de-correlation between a and the intermit-
tency exponents for the vertical velocity component was observed with progressively
increasing smoothness of the surface. These results were used to suggest that surface
roughness might affect the structure of fine-scale turbulence in the vertical direction
within the ISR. Other evidence that surface roughness may affect ISR scaling has been
reported elsewhere as well (Kuznetsov et al. 1992; Poggi et al. 2003; Katul et al. 2009).

3.6 Inter-pulse Periods and Linkages Between Various Exponents

A relation between durations of inter-pulse periods and temporal correlation of ‘on—off” or
‘off—on’ switches is expected for a TA series. For a weighted superposition of Poisson pro-
cesses, it was shown by Jensen (1998) that

m=3-—y (7)
where v is the exponent of the power-law distribution p(Ip) ~ Ip‘}’, p(-) is the p.d.f. of the
distribution of inter-pulse periods /,(i) =%, — %, and , is the time for which TA(s(z;))
switches. Interestingly the same relation holds also for systems near critical behaviour (as
may be expected from SOC). BO4 proposed an ‘intermittency’ correction to Eq. 7 yielding

m= (3= (u/2)) = 7. ®
and moreover, SB06 showed that turbulence may be classified as ‘active’ or ‘passive’
depending on the scaling laws of p(Ip). In particular, for ‘active’ scalars p(Ip) ~ 17, while
for ‘passive’ scalars they found a log-normal distribution of the form

p(1,) ~ exp(ab® + b0 + c), )

where 6 = ln(Ip), a is related to the variance of 0, and b and c are related to the mean (/)

and variance (6?) of 6, given by

a=-1/(20%), (10a)
b=—1+2pa, (10b)
c= —ln< 2750') - fa. (10¢c)

This finding is rather surprising because 8-correlated processes (i.e. white noise) exhibit
a log-normal distribution of inter-pulses, while according to SB06, p(lp) ~ ];Y results in
an energy spectrum more consistent with the traditional Lorentzian form of processes with
exponentially-distributed inter-arrival times. The term ‘active’ as used in SB06 refers to
flow variables where the source strength determines the scalar dynamics, such as for tem-
perature in convective turbulence, where the amount of heat injected determines the degree
of convection. Cava et al. (2012) found that p(Ip) was well approximated by a power-law
distribution with an exponential cut-off for velocity and scalar concentration measurements
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above a forested ecosystem. Moreover, power laws for the entire range of 1, above smoother
surfaces for all flow variables (except w) was reported in the same study. However, when
restricting /, to events shorter than the integral time scale (i.e. to time scales comparable
to those within the ISR), a power-law distribution ( p(lp) ~ Ip‘y) emerged for all flow vari-
ables and stability classes (even for w). The power-law exponent y appeared to be related
to the telegraphic-approximation spectral exponent m via Eq. 7, indicating that telegraphic-
approximation properties of atmospheric turbulence may share some resemblance to SOC.

4 Results

4.1 Spectral Properties of the Telegraphic Approximation for Flow Variables Across
the Low-Level Jet

Spectral properties of the measured flow variables and their telegraphic approximation dur-
ing the evolution of the LLJ are investigated. Examples of hourly spectral densities for the
longitudinal and vertical velocity components and their telegraphic approximation before
(2100 LST) and after (0300 LST) the development of the LLJ are shown in Figs. S2 and S3
(in Online Resource 1). The comparison of the spectra highlights an increment of energy
in the low-frequency range when the LLJ develops (Fig. S3a, b), associated with both hori-
zontal meandering oscillations and gravity waves, more pronounced in the quiescent layer
(between 20 and 94 m-dashed lines). The low-frequency maxima associated with the sub-
meso motions are visible also in the telegraphic-approximation spectra (Fig. S3c, d). This
finding suggests that the tendency of these structures associated with the submeso motions
is to be clustered in time (or space) and it is captured by the telegraphic-approximation
spectra. Before the development of the LLJ (Fig. S2a, b), spectra at different measurement
levels exhibit spectral decay (n = 5/3) predicted by K41 theory for locally homogeneous
and isotropic turbulence at high Reynolds number in the ISR. After the LLJ development
(Fig. S3a, b), spectra clearly diverge from K41 scaling in the quiescent layer, whereas K41
scaling was approximately observed close to the ground (z<20 m) and in the turbulent
layer above 94 m (i.e. regions where production of TKE is sustained).

The TA spectra exhibit a similar behaviour. In general, they confirm the slower spec-
tral energy decay predicted by SB06 in the ISR (m = 4/3), but clearly diverged from this
expectation in the quiescent layer after the LLJ development (Fig. S3c, d). This behav-
iour is also evident in Figs. 3 and 4, which show the profiles of the spectral exponents for
all the measured variables and their telegraphic-approximation counterparts. The spectral
exponents were computed in the frequency range between 0.1 Hz and 2 Hz, chosen as the
ISR. This uniform frequency interval was selected for all the analyzed hours and heights to
highlight deviations from K41 scaling at small scales in different cases. The lowest limit
(f = 0.1Hz) was chosen to minimize contamination from large scales; the highest limit
(f = 2Hz) was chosen to minimize white-noise distortions roughly exhibiting a flat spec-
trum for f > 2Hz.

The deviation from K41 values for spectral exponents (n = 5/3 and m = 4/3, indicated
by the vertical dotted lines in Figs. 3 and 4) is evident after 0100 LST and is more pro-
nounced in the quiescent layer between 20 m and 94 m. This is true for all the wind-veloc-
ity components as well as air temperature.

The relation between the spectral exponents (=n) of 1-h runs and of their TA values
(= m) for all the flow variables and for the period before (Fig. 5a) and after (Fig. 5b) the
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Fig.3 Hourly vertical profiles of spectral exponents of the measured signals (n) and the correspondent tel-
egraphic approximation (m) for longitudinal (a, b) and lateral (¢, d) velocity components. The coloured
lines refer to different hours during the whole analyzed night. The horizontal error bars represent the 95%
confidence bounds of the fitted spectral exponents. The vertical black dotted lines indicate the theoretical
value of spectral exponents for the original signals and TA (n = 5/3 and m = 4/3, respectively)
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Fig.4 Same as Fig. 3 but for vertical velocity component (a, b) and temperature (c, d)

LLJ development has been checked. Exponents appear to be linearly related before the LLJ
formation (Fig. 5a) and the obtained statistical fit to the data here is consistent with the
relation proposed by SB06 for fully-developed turbulence far away from boundaries (i.e.
m = (n+1)/2). After the LLJ development (Fig. 5b), the two spectral exponents in the
SBL (z<20 m) still abide by a relation similar to that proposed by SB06. On the other
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Fig.5 Scatterplot of the spectral exponents (n) of individual 1-h runs and of their TA value (m) for all
measured flow variables for the period before (a), and after (b) the LLJ development. In (a), the blue
dashed line refers to the linear fit computed considering all the measurement levels. In (b), blue dashed line
refers to the linear fit in the turbulent boundary layer close to the ground (z < 20 m: blue symbols) whereas
the red dotted line refers to the linear fit above the boundary layer, that is the region dominated by submeso
motions (z > 20m: red symbols). As a reference, the relation proposed by SB06 (grey continuous line) is
shown in both panels

hand, the relation between these two exponents deviates from m = (n + 1)/2 in the qui-
escent layer where turbulence is almost totally absent (see also Figs. 3, 4). The spectral
exponents for the flow variables and their telegraphic approximation follow a linear rela-
tion (Eq. 2), but with coefficients (a = 0.83; b = —0.17) that significantly differ from those
obtained by SB06.

4.2 Non-Gaussianity

An inquiry into whether the telegraphic-approximation technique preserved non-Gaussian
properties of the original time series before and after LLJ development is now considered.
Figure 6 shows the scatterplot of the skewness of 1-h runs (Sk) against the fraction of time
when TA(s) = 1(T", ) for all flow variables and for the period before the LLJ (Fig. 6a) and
after its development (Fig. 6b). A linear relation between measured I', (determined from
the TA series) and the measured skewness Sk (determined from the original time series) is
noted. The obtained linear relation also agrees with the analytical relation (Eq. 4) derived
from the third-order cumulant expansion not only for the period before the LLJ, but also
after the LLJ developed and also in the region dominated by submeso motions (above
20 m: red symbols in Fig. 6b). This result illustrates that the telegraphic approximation
captures flow features related to non-Gaussianity not only in the weakly stable bound-
ary layer dominated by turbulent motions at the beginning of the night (non-Gaussianity
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Fig.6 Scatterplot of the skewness of individual 1-h runs (Sk) against the fraction of time TA(s) = l(F +),
for all measured flow variables for the period before, (a) and after (b) the LLJ development. The black
dashed lines refer to the linear regression fits; continuous lines refer to the relationship derived using a
third-order cumulant expansion (Eq. 4). In (b) blue symbols refer to data in the turbulent boundary layer
close to the ground (z < 20m: blue symbols) whereas the red symbols refer to data above the boundary
layer, that is the region dominated by submeso motions (z > 20 m: red symbols)

encoded in the internal intermittency), but also in the period dominated by the LLJ and in
the quiescent layer (non-Gaussianity encoded in the external intermittency). This period
is characterized by the dominance of submeso motions and by quasi-complete absence of
turbulence in the quiescent layer, punctuated by bursts of intermittent turbulence externally
forced by nonstationarity and localized shear produced by the LLJ and submeso motions.

4.3 Clustering

Figures 7 and 8 show the evolution of the standard deviation of the running zero-cross-

/2
ing density fluctuations (6n2 ) profile for the longitudinal and vertical velocity com-
ponents for the period 2100-2200 LST (before the development of the LLJ) and for the

period 0400-0500 LST (developed LLJ). Before the inception of the LLJ, 5n$1/2 exhib-
its a behaviour that is in agreement with the overall picture presented by SB06 (Figs. 7a,
¢, 8a, c¢). As already noted in other studies (SB06; Cava and Katul 2009; Cava et al.
2012), the clustering exponents approach the value expected for a white-noise process
(a =~ 0.5) at the larger scales, whereas increased clustering occurred at the finer scales

(a = 0.2 —0.3). On the other hand, a different behaviour of éngl/z is evident after the
LLJ developed (Figs. 7b, d, 8b,d) within the quiescent layer (coloured dashed lines in
Figs. 7d, 8d). In particular, @ tends to decrease (indicating an increment of clustering)
approaching the value predicted by SB06 for turbulence away from boundaries at large
Reynolds number (a = 0.1). This behaviour can be observed not only at finer scales,
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(a) zero-crossing density fluctuations for #- 21:00 (b) zero-crossing density fluctuations for #- 04:00
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Fig.7 3D plot of the evolution of the vertical profile of the standard deviation for the running zero-cross-
ing density fluctuations of the longitudinal velocity (u) relative to the period 2100-2200 LST of 8 Octo-
ber 2016 (before the development of the LLJ) (a) and to 0400-0500 LST of 9 October 2016 (developed
LLJ) (b). (¢, d) The 2D version of (a) and (b), respectively, where the different colours refer to different
measurement levels. As a reference, the values for white noise (a« = 0.5 : black lines) and for Re —» oo
(¢ =0.1 : grey lines) derived from laboratory measurements by SB06 are also shown. The vertical
lines delimit the ranges of frequencies used to fit the clustering exponents in the inertial subrange (ISR:
0.1 Hz-5 Hz) and in the low frequency range (LFR: 0.005 Hz-0.1 Hz)

but also at scales larger than those associated with the ISR. It is indicative of a high
degree of clusterization probably related to the influence of both horizontal meander-
ing and gravity waves that dominate the flow dynamics in the quiescent layer after LLJ
development.

The hourly profiles of clustering exponents confirm the increased clusterization
after the LLJ development (Figs. 9, 10). Clustering exponents for all the measured
variables have been computed both in the ISR (1/7 > 0.1 Hz) and in a low-frequency
range (LFR: 0.005Hz < 1/7 < 0.1 Hz). These ranges of scales have been identified
on the basis of the spectral behaviour of the flow variables (see, as example, Figs. S2
and S3 in Online Resource 1). The suitability of the LFR was verified by checking
the sensitivity of the fitted exponents to different choices of the low frequency limit
(f, = 0.001 Hz (LF1) — 0.002 Hz (LF2) — 0.003 Hz (LF3) — 0.01 Hz (LF4)) shown in Fig.
S4 (in Online Resource 1). The clustering exponents obtained in these different ranges
were compared in Fig. S5 with the values obtained in the chosen LFR (f, = 0.005 Hz).
Figure S5 (in Online Resource 1) shows a good correlation for the values fitted in LF3
and LF4, when compared with the LFR (blue and red symbols and lines), confirmed
also by high values of the coefficient of determination (R?). When the LFR limit is
smaller than f, = 0.003 Hz, the correlation tends to decrease but remains significant.
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( a) zero-crossing density fluctuations for w- 21:00 (b) zero-crossing density fluctuations for w- 04:00
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Fig.8 Same as Fig. 7, but for the vertical velocity component

Summarizing, the performed sensitivity analysis highlights the robustness of the LFR
chosen to investigate the effect of LLJ and submeso motions on clusterization and inter-
mittency at scales larger than the ISR.

Before the LLJ development (until midnight), the clustering exponents of all the vari-
ables remain almost constant in the ISR at all measurement levels, and ranges between
0.2 and 0.3 (Figs. 9b, d, 10b, d). After 0100 LST (fully-developed LLJ) a maintains the
same values in the layer close to the ground (z < 20m) and in the upper turbulent layer
(z > 94 m), whereas it decreases in the quiescent layer, often assuming values smaller than
0.2, in particular for the velocity components.

The influence of the LLJ is clear in the profiles of clustering exponents computed in
the LFR (Figs. 9a, c, 10a, c). As a matter of fact, whereas before 0100 LST « assumes val-
ues ranging between 0.3 and 0.4 (closer to the white-noise value a ~ 0.5), it dramatically
drops at all the measurement levels after 0100 LST (indicating a high tendency to cluster);
this reduction is observed both for the velocity components and air temperature. It is to be
noted that after the development of the LLJ, @ computed in the LFR often approaches the
value a = 0.1 predicted by SB06. Although the clustering exponents fitted in the LFR are
affected by larger uncertainty when compared to those computed in the ISR, the obtained
results indicate that submeso motions dominating the flow after the LLJ development pro-
duce an increased clusterization both at larger scales and at scales commensurate with the
ISR.
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Fig.9 Hourly vertical profiles of clustering exponents (a) computed in the low-frequency range (LFR) and
in the inertial subrange (ISR) for longitudinal (a, b) and lateral (c, d) velocity components. The coloured
lines refer to different hours during the whole analyzed night. The horizontal error bars represent the 95%
confidence bounds of the fitted clustering exponents. The vertical black dotted lines indicate the value of a
(=0.1) predicted by SB06 for turbulence away from boundaries that indicates a high degree of clusteriza-
tion
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Fig. 10 Same as Fig. 9 but for the vertical velocity component (a, b) and temperature (c, d)
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Fig. 11 Hourly vertical profiles of the ratio of intermittency exponents (414 /u,) computed in the low-fre-
quency range (LFR) and in the inertial subrange (ISR) for longitudinal (a, b) and lateral (c, d) velocity
components. The coloured lines refer to different hours during the whole analyzed night. The horizontal
error bars represent the error associated to the ratio of fitted intermittency exponents. The vertical black
dotted lines indicate py, = p
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Fig. 12 Same as Fig. 11 but for the vertical velocity component (a, b) and temperature (c, d)

4.4 Intermittency Exponents

Figures 11 and 12 show the hourly profiles of the intermittency exponent ratio (pir,/p,)
for the measured variables during the entire evening. Analogous to clustering exponents,
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the intermittency exponents for the original series (u,) and its telegraphic approxima-
tion (uy4) have been computed both in the ISR and in the low-frequency ranges. The
sensitivity analysis for the fitted intermittency exponents in the different low-frequency
ranges (Figs. S6 and S7 in Online Resource 1) confirm that the results obtained for clus-
tering exponents are robust. At the finer scales, the ratio of intermittency exponents does
not greatly vary during the night across the measurement levels (Figs. 11b, d, 12b, d).
For the velocity components, this ratio exceeds unity (u;, > y,) mainly before the LLJ
development, indicating a tendency for amplitude fluctuations to mitigate the effect of
intermittency for those variables. On the other hand, the ratio is about unity (g = p,)
for temperature suggesting that intermittency is prevalently related to clusterized struc-
tures for this flow variable in the ISR.

Before the development of the LLJ, the ratio (ug4/4,) in the LFR exceeds unity for
the u component and is about unity for w and T (Figs. 11a, c, 12a, c). Interestingly,
the ratio significantly increases in the LFR after the LLJ development, implying that
intermittency is primarily driven by clusterization. This behaviour is mainly observed
at levels close to the LLJ nose (z = 56 m) for w and T (Fig. 12a, c), whereas it is evident

i, =0.96 & +0.11 (R’=0.23) ISR p 4, =1:59 @ +0.03 (R=0.73)
] 0.5} (b)
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Fig. 13 Scatterplot of the global intermittency exponents (y,) and of the TA intermittency exponents (pi7,)
versus the clustering exponents (@) relative to the inertial subrange (ISR) for the period before (a, b) and
after (c, d) the LLJ development. The dashed lines refer to the linear regression fits relative to the variables
(s = u, v, T; black stars); grey circles refer to the same quantities for the vertical velocity component (w)
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across all measurement levels for the horizontal velocity components, suggesting that
horizontal meandering may be driving this process (Fig. 11a, c).

Figure 13 shows the relation between the hourly clustering exponent a and the hourly
global and TA intermittency exponents (u,, py4) computed in the ISR before and after
the development of the LLJ. In spite of the scatter, the investigated quantities computed
for u, v, T(black symbols) exhibit a linear correlation, and of particular significance here
is the relation between pr, and a. The regression slopes and intercepts (u, = d’a + b';
Hpy = a”a+b") do not vary appreciably for hours before and after the development of
the LLJ. The mean regressions computed considering the whole nocturnal period are
u, =087a+ 0.14(R2 = 0.22);;4TA = 1.50a + 0.05 (R2 = 0.77) and agree with regres-
sions found at sites characterized by various values of aerodynamic roughness length (Cava
et al. 2012). Moreover, the same quantities computed for the vertical velocity component
(grey symbols in Fig. 13) appear de-correlated, as already found in Cava et al. (2012). The
aforementioned study observed an increased de-correlation with progressively increasing
smoothness of the surface, as a consequence of the roughness impact on the structure of
fine-scale turbulence.

The same relations have been checked for exponents estimated in the LFR (Fig. 14).
As expected, a more discernible linear relation is evident after the development of the
LLJ (Fig. 14c, d) because the presence of submeso motions produces an increased
clusterization in this range of scales (absent before the LLJ development). The linear

p, =0.56 & +0.05 (R*=0.08) LFR 1, =059 a +0.11 (R*=0.21)
0.6 f (a) * . 0.6 +(b)
0.5 * ok . 0.5
* *
0.4 % xF F 0.4} -
” 9%**3}* * <
X 03 **@%f*’ < 03}
0.2 O EAIET 0.2}
0.1 =B IR 017
- ot HE
0 0
0 01 02 03 04 05 0 01 02 03 04 05
“« Before LLJ N
1, =0.69 o -0.02 (R*=0.28) 1 4, <1415 @ +0.02 (R*=0.53)
0.6 (c) 0.6  (d) !
0.5 0.5}
*
04 . 04
=
203 -~ 3 037
0.2 - 02l
0.1 o1t ZECE
0 : 0l — :
0 04 05 0 01 02 03 04 05
@ Developed LLJ @

Fig. 14 Same as Fig. 13 but for exponents relative to the low frequency range (LFR)
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correlation obtained after the development of the LLJ is more significant for p;, versus
@ (u;=0.69—0.02(R* = 0.28); ppy = 1.15a + 0.02(R? = 0.53)), analogous to that
obtained at ISR scales, even if characterized by a large scatter. Moreover, the investigated
quantities appear decorrelated for w in the LFR.

4.5 Interpulse Periods

The probability density functions p(Ip) of the interpulse period I, relative to the period
2100-2200 LST (before the development of the LLJ) and to 0300-0400 LST (developed
LLJ) for all the measured variables are shown in Fig. S8 (in Online Resource 1). These
functions appear to be well described by a power-law distribution (p (Ip) ~ Ip"), mainly
for short interpulse periods, both before the LLJ (top panels of Fig. S8) and after the full
development of the LLJ (bottom panels of Fig. S8). This behaviour is observed both in the
stable boundary layer (z < 20 m: blue symbols) and above (z > 20 m: red symbols). The
exponents (y) of the power-law fits have been estimated and the linkages with spectral and
intermittency exponents have been checked. Figure 15 shows the scatterplot of the mod-
elled versus measured hourly spectral exponents of the telegraphic approximation of all
the flow variables and for the period before and after the LLJ development. The relation
proposed for a weighted superposition of Poisson processes and for some classical models
of self-organized criticality has been checked (Eq. 7: m = 3 — y—circles and dotted lines in
Fig. 15), as well as the correction for intermittency effect (Eq. 8: m =3 —y — p,/2—stars

2 % m=3—n—p,/2 fit: y = 0.80x + 0.06(R> = 0.30) T L
m =3 —; fit : y = 0.83z + 0.07(R* = 0.31) -

m (modelled)

o 1 1 * 1 Il Il
% m=3—~— /2 fit : y = 0.75z + 0.02(R* = 0.62) P

1.5F

m (modelled)
T

developed LLJ
05Fo0 -

L 5 1 L 1 I L 1 L L (b)
0 >

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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Fig. 15 Scatterplot of the modelled versus measured hourly spectral exponents of TA for all flow variables
and for the period before (a) and after (b) the LLJ development. The black continuous and dotted lines refer
to the linear regression fits relative to the two models. As a reference the 1:1 line is reported (grey dashed
line). In fig. b blue symbols refer to data in the turbulent boundary layer close to the ground (z < 20 m: blue
symbols) whereas the red symbols refer to data above the boundary layer, that is the region dominated by
submeso motions (z > 20 m: red symbols)
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and continuous lines in Fig. 15). The obtained linear fits highlight that the two models are
acceptable before and after the LLJ development across all measurement levels. Moreover,
because the additional intermittency correction does not produce any improvements, the
SOC relation m = 3 — y seems to be a reasonable model both in the thin stable layer close
to the ground (z < 20 m: blue symbols in Fig. 15b) and in the quiescent layer (z > 20 m:
red symbols in Fig. 15b) dominated by submeso motions after the development of the LLJ.
This finding suggests a negligible role of small-scale intermittency in this setting where
clustering and large-scale intermittency are the dominant mechanisms.

5 Conclusions

Multi-level high-frequency wind-velocity time series were analyzed using measurements
from a tall (= 140 m) meteorological tower. The analysis seeks to explore transitions from
a mildly stable boundary layer characterized by fully-developed turbulence to one domi-
nated by a low-level jet (LLJ) and quiescent layers with weak or intermittent turbulence
often detached from the ground. The telegraphic approximation was applied to investigate
analogies to a general class of intermittency models in terms of clustering properties of
sign changes of the flow variables for describing switching between turbulent (active) and
non-turbulent (passive) states in the very stable boundary layer.

The telegraphic-approximation technique captured the main feature of the flow related
to the spectral properties and to non-Gaussianity even in non-turbulent situations. That is,
the telegraphic approximation provided a new perspective on clustering and intermittency
(external and internal) for periods and for layers dominated by, (i) turbulent motions, (ii)
LLJ propagation and submeso motions, and (iii) for periods with quasi-complete absence
of turbulence punctuated by bursts of intermittent turbulent energy externally forced by
non-stationary and localized shear produced by LLJ and submeso motions. The observed
behaviour in clustering and intermittency exponents indicate that the submeso motions
were highly clustered and their influence produced an increased intermittency both at larger
scales and at finer scales commensurate with the ISR, mainly driven by clusterization.
The analysis here provided evidence of a self-organized-criticality (SOC) like behaviour
between switching probability of active—inactive states (linked to m, the spectral exponents
for TA) and lifetimes of inactive states (linked to y, the exponent of the power-law distribu-
tion of interpulse periods). The SOC relation m = 3 — y, originally derived for sand-pile
models near critical states (i.e. avalanches) (Bak et al. 1988), was shown to be applica-
ble to all layers in the SBL. These layers include the thin stable boundary layer close to
the ground characterized by fully-developed turbulence, the quiescent layer, and layers
dominated by the LLJ. The implications here are that SBL flows can be associated with
a single SOC process with a tuning parameter related to Ri. In the analyzed dataset here,
Ri =~ [0.1,0.25] persisted near the ground for almost all the evening after the LLJ formation
and may be viewed as an outcome of self-tuning around a second-order phase transition
from fully-developed turbulence (Ri < 0.25) to one dominated by submeso motions in the
quiescent layer (Ri =~ [0.25,0.5]). When Ri < 0.25, hallmarks of both SOC and fully-devel-
oped turbulence (including in the jet and the shallow region near the ground) coexistence
were evident. Self-organized criticality signatures appeared in the form of power-law ava-
lanche statistics captured by p(Ip) ~ 17, whereas turbulence signatures were captured by
conventional spectra, intermittency, and clustering exponents. When Ri > 0.25, the turbu-
lence signatures were no longer present but SOC signatures persisted within the quiescent
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layer (at least as captured by its telegraphic state). In the quiescent layer both enhanced
energy and increased clustering at low frequency seem to be consistent with meandering
and submeso motions that developed after the formation of the LLJ.

It must be emphasized that the analogy to SOC here is only diagnostic (not prognostic)
and applies to the telegraphic-approximation properties of the SBL (turbulent and non-
turbulent). However, the results encourage further studies to confirm coexistence of self-
organized criticality and intermittent turbulence in the SBL and to propose innovative scal-
ing laws and similarity arguments that may improve performances of numerical weather
prediction and dispersion models in stable atmosphere, at least in terms of intermittency
and on—off switching.
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