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Abstract

We study the evolution of turbulent fig by means of high-resolution numerical simulations.
Pufs are bunches of passive particles released from an ipispherical distribution at regular
time intervals of the order of the Kolmogorov time. The imétmeous shapes of particleffa) in
particular their asphericity and prolateness, are charaeid by measuring the gyration tensor.
Analysis has been performed by following, up to one largdeseddy-turn-over time, more
than 1@ different pifs, each made of 2000 particle tracers, emitted froffedint places in
a homogeneous and isotropic turbulent fluid with Taylodesd¢eynolds numbeRe, ~ 300.
We also analyze the probability of hitting a given targecpthdownstream with respect to the
local wind at the time of emission, presenting data for thdgkerent cases: (i) without any
reconstruction of the shape, i.e. considering the bunchowftpracers, and approximating the
particle-pdf as a (i) sphere or as an (iii) ellipsoid. The results showrangt dependence on
the fluctuations of the instantaneous wind at the momenteéthission and appear to be robust
with respect to the approximations (i)-(iii).
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1. Introduction

Understanding the dispersion and evolution of particlesiibulent flows is a fundamental
problem with applications in dierent fields ranging from atmospheric and oceanic scieriges [
2, 3, 4, 5, 6] to chemical engineering and astrophysics [9, 0] and even behavioral biology
[11]. At high Reynolds numbers, moleculartdision is negligible and turbulence dominates
the transport of momentum, temperature, humidity, saliaitd of all other chemical species
possibly present in the environment. Turbulenfidiion can be studied from an Eulerian point
of view, following the evolution of a concentration field [1£3] or using a Lagrangian approach
in terms of particle tracers advected by the flow [14, 15].

In this paper we discuss an important set-up, namely wheticjesr are emitted as a fiu
localized in time and in space. The main aim is to understa@@volution of the shapes of these
particle-pufs, quantifying the time evolution of both the growth ratelodit typical size and the
deviation from a perfect spherical shape. The evolutionllewed from the initial instant, when
each particle pfii is spherical and with size 7, the turbulent Kolmogorov scale, up to the final
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time of order of one eddy turnover time, when the bunches dfgbes have reached a typical
scale as big as the largest eddy correlation length. We iyainé¢ initial distortion from the
spherical shape induced by the intermittent and intensécking of the local gradients and the
shape’s evolution for intermediate times, when the charatic bunch size is within the inertial
range of scales. Because of the many-body nature of our iexgets, one expects fierent
informations with respect to those obtained measuring #lekmown two-particles Richardson
dispersion [14, 16, 17], still anticipating however somermections between the two.

As always in passive transport problems [15], there is atoranae dictionary that maps La-
grangian concepts into Eulerian ones. Here, the Eulerianteopart of pf dispersion is the
emission of a passive scalar field from a localized sourcés gitoblem has many relevant ap-
plications, from environmental fluid mechanics, e.g. thepdrsal of noxious chemicals in the
atmosphere or in the oceans [18], to biology, e.g. long-easifactory communication through
the emission of volatile pheromones [19]. The statistics @mnamics of the concentration field
at a distance from the emitting source can thus be put intdigrcespondence with ffiidisper-
sion. Notably, the alternation of clear-ablénk9 and chemically-loaded pocketalfiffs) that
is observed away from the source is connected with the pititgabat a puf hits a target at a
distance from the point where it has been delivered, and grttus events where the concen-
tration is detectable, large intensities are due tigothat disperse poorly (see e.g. [11] for a
detailed explanation). Turbulence, therefore, plays anraje in determining the intensity and
the temporal structure of the signal, by shaping the infeionacontent of the odor message in
the case of olfactory communication, or bfjescting the probability of reaching lethal doses in
environmental applications.

The paper is organized as follows. In Section 2, we introdunckanalyze the main quantities
which have been used to characterize th& geometry, namelasphericityand prolateness
which, together with the radius of gyration, summarize thergetrical information contained
in the gyration tensor. We show that the most important gigean the two observables is that
they approach a peak value, corresponding to maximallygeledl ptfs, at a timet ~ 10r,,.
We understand this phenomenology as due to the physics afisbgative range where the
puff, being still of size~ O(r), is controlled by the stretching rate. Indeed, we show that
initial evolution of these observables can be reasonalilyjated considering the bunch stretched
with exponential rates given by the three Lyapunov expanehthe underlying fluid. Another
remarkable result is obtained for longer times, when we oreaa very slow recovery of the
isotropic shape, revealing that the typicakipis non spherical, at least, as far as the evolution
pertains to spatial and temporal scales in the inertial@arlg Section 3, we exploit the link
between the Eulerian and Lagrangian language and use tisicsaof pufs hitting a given
target to estimate the probability of time durations of lkand whifs typical of passive scalar
fields emitted from a point source. We find that the fluctuatiofhthe instantaneous wind at the
instant of the emission are crucial to identify the right detveam direction where to place the
target. Moreover, we show that the probability of obsenanghiff or a blank lasting for a time
has a power law behavior for small times in fair agreemertt wie prediction obtained in [11],
using dimensional estimate based on exit-time statisfidgrbulent dtfusion.

2. Evolution of particle-puff geometry due to turbulence

The data analyzed in this paper have been previously olot&irj20] from a direct numerical
simulations (DNS) of the Navier-Stokes equations in threeedisions with an isotropic and
homogeneous large-scale forcing in a tri-periodic domais.explained in [20], each pliis
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composed of\p particles, emitted from a point-like source within the slation box. Particle
bunches are initially distributed uniformly in a sphere iaesof order of the Kolmogorov length
scalen, and are emitted one by one every Kolmogorov timg till about one large-scale eddy
turnover time,Tg, for a total of 80 emissions per source. The total integretiime of the DNS
is of about Z¢. Table 1 summarizes the main parameters the DNS.

Re N3 n AX & T,
280 1024 0.005 0.006 0.81 0.033

Te/t, Urms Np Nsou  Nputt  Tiaj/Ty
80 1.7 2000 256 20480 160

Table 1: Main parameters of DNS (all dimensional quantiiesexpressed in simulations unit®e, Taylor-scale-based
Reynolds numbemN? grid resolution,; and 7, Kolmogorov length and time scaleax grid spacing,e mean energy
dissipation,v kinematic viscosity,Tg large-scale eddy turnover timeyms root-mean-square velocitplp number of
particle tracers within each fi Nsoy number of localized sources within the simulation bbb, ¢+ total number of
puffs in the simulation domainTy,j maximal duration of particle trajectories. The numericaivgin is cubic, with
periodic boundary conditions in all directions; a fully dased pseudo-spectral algorithm with second order Adams-
Bashforth time-stepping has been used. The statisticadiydpic and homogeneous external forcing injects energy i
the first low-wavenumber shells, by keeping constant in tineér spectral content, see [21].

Once emitted, the particle fis are transported and deformed by the turbulent flow. At least
at low-order, we can describe their main geometrical festloy measuring the gyration tensor,
G(t), with elements

Gl = Nip DO - reu MO — by @), i J=xy.2 (1)
n=1

wherer! (t) is thei-th coordinate of then-th particle of a given bunch after a tintefrom its
emission, and the subscripM stands for the center of mass. In particular, the three eaees,
{gi(t)}?:l, of G(t) bear information about both the size and the shape of tlfis gsee, e.g.,
[22, 23]). For instance, their sum, corresponding to theetraf the gyration tensor, provides
the squared radius of gyratid® (), namely the bunch characteristic size approximated with a

sphere of radiuBg(t): ,

3
2,6'0 =) 60 =R @)
i=1

i=1

On the other hand, the three eigenvalues corresponds tqlaeesof the semi-axes of the ellip-
soid which best approximates the particle bunch. In Figuse Ehow a schematic picture of the
evolution of a given pff, and we explain the link between the bunch shape andRg#nd the
eigenvalues.

A first glimpse into the evolution of s can be obtained by looking at the behavior of the
three eigenvalues averaged over all sources and emisg&ig(y, as a function of the time from
their emission (Figure 2). Two regimes are easily deteetaf short times, when the fiisize is
below or comparable to the Kolmogorov length scale, the dyosiis expected to be controlled
by the dissipative range physics and thus by the exponesititching rates. In other terms,
ignoring efects due to stretching rates fluctuations [24, 25], we cancqipatively assume that
the eigenvalueg; are linked to the Lyapunov exponentghrough the relation; ~ In{g;(t))/2t.
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Figure 1: Evolution of a given gtiin space, showed at fourftiérent instants of time betweer 17, andt = 40r,,. (A):

the same pfli evolution showed between= 1r, andt = 10r,, to illustrate how the plii undergoes a big deformation at
small times, passing from a spherical shape to an elongated (8): the p# for t = 40r, in the main picture is here
represented (i) with the individual particles composindiif approximated with a sphere of radiRg (the black arrow)

or (iii) approximated with an ellipsoid of axegg;, with i = 1,2, 3, and orientation given by the direction of the three
eigenvectors of the gyration tensor (the three black arrofdsth the sphere and the ellipsoid are centered in the icente
of mass of the pfii.

The factor 2 in the denominator comes from the fact that thatgyn tensor is quadratic in
particle separations. The Lyapunov exponents charaictgite dynamics of particle tracers in
turbulent flows have been measured in several studies [2&8)}/here we refer to the values
measured in [28]A; ~ 0.14/t1,, 12 ~ 0.04/7,, andAz = -1 — A1, asXi4; = 0, due to fluid
incompressibility. In Figure 2 we can see tRgi(t)) grows faster than the other two, being
associated withl, (gz(t)) grows slower, whereags(t)) decreases initially due to the fact that
Az is negative, indicating that at the early stage of the eiaiuthe spherical bunch tends to
preserve the volume while fluid gradients deform it.

Ata later time, fort > 10r, all three typical sizes are inside the inertial range, weldithen
expect the Richardson scaling for all eigenvalues [27, 29]:

(Gi(t)) = gret® 3)

wheregg is theuniversalRichardson constant ards the mean energy dissipation of the fluid.

As one can see from the figure, this scaling behavior is baehyeved only for large times in

agreement also with the behavior of the eigenvalues of #éigntensor for particle tetrads [27].

This deviation from Richardson can be explained as due t@énéamination induced by the
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Figure 2: Log-log plot of the evolution of the mean eigenesl(n; ), (g2) and(gs) of the gyration tenso6(t) versus
time. The straight line is proportional t& and corresponds to the Richardson law (3). The three eig@s/atart with
very close values (not shown), typical of a spherical buactd then separate quickly, to end up with slightlffetient
values, which means that on average the bunch does not tetarspherical shape.

fluctuations of the viscous scale leading to the presenceinfhes of various sizes (even of
ordern) also at long times after the emission, see [20, 30] for aileetatudy of this &ects
on the same data set. It is interesting to remark, that treetburves tend to proceed parallel
when inside the inertial range. They show a tendency to ageve the same value only at very
long times when the dynamics is essentiallffuliive, as above the largest scale of turbulence
velocity correlations are washed out. This means that inrtéeial range the single i) either
never recovers isotropy (i.e. a spherical shape) or it doesry slowly. This is an important
observation as it tells us that it would be wrong to describgaal put evolving in a turbulent
flow in terms of a spherical shape, even if the underlyingulehce is isotropic.

In the remainder of this section we quantify these deviatimom spherical symmetry. To
this aim we adopt two well known quantities [31, 32] defineteirms of the eigenvalues 6f(t),

theasphericityandprolatenessTheasphericityis given by the normalized variance of the three
eigenvalues,

3 1)) 2
1 (1) — ot
=1 g(t)
whereg(t) = 32, gi(t)/3. Clearly, we have thak ranges from 0, when all eigenvalues are equal

and the bunch is spherical, to 1 with only one eigenvaltiedint from zero, meaning a totally
aspherical bunch. Tharolateness

(4)

I13.4(ai(t) — 9®)
—3
a(t)

is defined in the intervaH1/4, 2] and tells us whether the shape of the bunch is oblate oatgrol

In particular,P(t) > 0 means); > g> ~ gz, i.e. the bunch has a prolate shape becoming a rod in

the limit P = 2, while P(t) < 0 meansy; ~ g, > g3 that is the bunch is oblate, tending to a disk
forP=-1/4.

P(t) = (5)
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Figure 3: (a): Lin-Lin plot of the mean aspherici¢A(t)) versus time (points). The value at tirhe= 0 is very small
~ 1073, because the bunch is injected with a spherical shape. A¢ritleof its evolutior(A(t)) does not return close
to zero, that is the bunch does not recover a spherical shEpe solid black line approximating the initial growth is
evaluated assuming the Lyapunov dynamics for the eigeesalie. replacing (t) with €24t (see text for the Lyapunov
values). The peak in the real evolution of the asphericityesponds td/7, ~ 13, i.e. the time when the size of the
puffs starts to be dominated by non-linedlieets. (b): the same discussion for the asphericity api#set prolateness.

In Figure 3a-b we show the evolution of the asphericity armgteness, averaged over all
emissions{A(t)) and(P(t)), respectively. As at the emission tirhe= 0 each particle bunch is
injected uniformly within a sphere of radiusO(r), the initial values are close to ze¢ta(0)) ~
0(1073) and(P(0)) ~ 0(1079).

At initial times, while the bunch size is within the dissijgat range (fort < 10r,), the as-
phericity grows very rapidly, reaching a peak valied.7 att ~ 13r,. This means that the
dissipative scale stretching mechanism is vefigceent in transforming the sphere in a prolate el-
lipsoid, as confirmed by the average prolateness (Fig. 3mhwkaches a peak valael.2 when
(A(t)y is maximal. This kind of evolution is indeed expected duehpresence of two positive
Lyapunov exponents [26, 27, 28]. As shown in Figure 3, théahgrowth of both asphericity
and prolateness is well captured by their approximationaioed from (4) and (5) by replacing
gi(t) with €', We notice that the actual data grow slightly faster than giiadicted by the
Lyapunov exponent approximation, this discrepancy mightlbe to the fact that we neglected
fluctuations of the stretching rates [24, 25]. Notice thdtraé long enough the (linear) approx-
imation reaches the asymptotic values typical of a rod litkecture, as the approximation does
not include neither folding mechanism nor the physics ofitlegtial range with the Richardson
diffusion.

After the peak, both the asphericity and the prolatenesw shelow decay toward lower
values, but even for times larger than the large-scale aedudypver time, the shape of the bunch
does not return spherical. Clearly, at very long times, whanly difusion is taking place, we
expect to recover a spherically symmetridipbut this does not seem to be the case within the
inertial range.

In Figure 4a-b we show the probability density functions EBPfor the asphericity and the
prolateness, respectively, at various times. After a timerval of approximately ~ 10r,, that
corresponds to the peak values of Figure 3a-b, we observgithalent stretching has produced
bunches with all possible valuesAfandP with a higher probability for very elongated ellipsoid.
For later times, a slow return toward the spherical valuebgerved, with the development of a
peak atA = P = 0. Notice however that, even for very large times, both Phiesvahe presence
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Figure 4: Probability density functions for the aspheyidia) and the prolateness (b), at various times; 17,(0),
t = 3r,(0), t = 10r,,(O), t = 30r,,(2), t = 80r,,(v). Even at large times there is still a considerable numb@ufi$ far
from having a spherical shape.

of a large sub-set of bunches that are far from being spHegcdear and important legacy of
small-scale turbulent fluctuations for the whole time higtof every bunch.

3. Blanks and whiffs

In view of the presence of a non negligible set of bunches witton-spherical shape one
might want to assess théfects of shape distribution on the probability of hitting egtt and
how this impacts the concentration statistics in a givempaddwnstream of the emitting source.
In particular, we are interested to compare thré&dént cases: (i) considering thefpas formed
by individual particles, (ii) approximating it as a spherighaa radius given by its mean radius
of gyration or (iii) approximating it as an ellipsoid withélthree main axes given at any time by
the value of the three eigenvalugét). Of course the probability to hit the target will strongly
depend on the presence (or absence) of a mean wind, on thedaidbetween the source and
the target and on the wiggling motion of the center of massefpuf induced by turbulent
fluctuations. In the present case, because of the absenceazdy mean wind, we have always
conditioned the position downstream of the target to benaligwith the direction of the velocity
in the position of the source at the instant of the emissioa al¥o adopted a definition of (local)
mean wind based on the average displacement of the centeass ofi all pifs emitted by the
same source. We found that the results do not depend toayhtron the adopted definition
provided the target is at distance lower than the large safalee flow. Indeed the local wind
being a large scale quantity will persist on the time scaléheflargest length scale. In absence
of this fine tuning, the probability to hit the target dece=ago values that are not statistically
significant (not shown). For sake of definiteness, the targstalways been taken spherical, of
radiusR = 4n and placed at distand2 = 40p from the source, along the direction given by the
(local) mean wind. Notwithstanding the huge data set, tble dda stable mean wind makes this
kind of measurement very delicate, as théfimadvected by the mean velocity of its center of
mass, which is a highly fluctuating quantity if thefphas a relatively small size. As a result
only rarely the bunches hit the target and the signal givethbysuperposition of the fuwith
the target is very intermittent. The only stable probapile could measure is the time elapsed
between two consecutive hits (the time span of a bighkand the time duration of a detection
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Figure 5: Histogram of the signal of the concentration ofipkes for a single source. The target is placed at a distance
D = 405 from the source, along the direction given by the mean wind,al the values of concentration are divided by
the total number of particles that compose & pBeriods of presence of signailfifs) and of absence of signadlankg

can be distinguished.

(the time span of a whit,), independently of the amount of particles detected. Biotled are
predicted to have a power law distribution at least for sHarations, when the determination of
a blank or a whi is due to the three-dimensionalfidisive motion of the center of mass of the
bunch around the target [11]:

Pto) ~ ;7% P(tw) ~ t,7/2 (6)

According to this picture, the beginning of a ihoccurs when the fiiis barely within the
target, i.e. the center of the bunch is at a distance of dRgddrom the target. The end of the
whiff will occur when the pff first exits from the target. Therefore, the duration is distied as
the first exit time for a dfusion process, whence the power laf2 & (6). For events of a longer
duration an exponential tail should emerge (see [11] fortaildel modelization at all times).
Similarly, the duratiort, of blanks is the time needed for afflising puf that has lost contact
from the target to regain contact with it. It follows from argents symmetric to those discussed
for the whifs that blank intervals are distributedta¥? as well.

The signal of the concentration of particles within the &ifgr a specific source is presented
in Figure 5. The heights of the histogram represent the gabfi€oncentration divided by the
total number of particles in a bunch. These are evaluatedtating over all the time the bunch
remains within the target. The signal is intermittent and/\@milar to those obtained experi-
mentally, and we can distinguish periods of absence of kigptenks) and periods of presence
of signal (whits). Blanks correspond to the case in which the bunch doesit@rséect the target
and passes by. On the contrary fiicorrespond to the case in which the bunch is partially or
entirely inside the target. As from equation (2) we can adesthe bunch not only as a discrete
object composed of particles, but also as a sphere of r&dius as an ellipsoid with semi-axes
given by /@1, /02 and 4/G3. In all these three cases, we can reconstruct the prolyadbditsity
functions of blanks and wkis. The PDF of the blanks is shown in Figure 6a, for the bunabrtak
as discrete and approximated with a sphere and an ellipEb&ldashed black line represents the
law we expect the three cases will follow for smigh, i.e. (6), while the solid black line is the
expected trend for the entire PDF, i.e. equation (6) timesxponential term e™%/T. Very short
blanks tend to be less frequent, as it is unlikely that fi prosses the target, leaves it and then
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Figure 6: PDF of the duratioty of blanks (a), i.e. time intervals without signal, and PDRhe durationt,, of whiffs
(b), i.e. time intervals with signal, for the bunch cons@teras composed of particles]( and approximated with a
sphere (O) and an ellipsoid £). On the axes, the natural logarithmstgf(t,) and P(t,) (P(tw)) are reported. The
dashed line has slope equal tg23nd represents the expected trend for small tirfét,) ~ tg3/2 for blanks and
P(tw) ~ t‘f/z for whiffs, while the solid line represents the expected trend foetiiee PDFP(tp) ~ tt'J'j/ze*‘b/T for

blanks andP(ty) ~ t\;,s/ze‘tw/T for whiffs. The PDFs are obtained considering a threshold value faretaration, i.e.
not considering in the signals, as for instance the one sliw®igure 5, heights smaller than 70

hits back after a time of ordatf,. The PDF of the wifs is instead shown in Figure 6b. Since
blanks and whis are complementary, we expect the same law. In this case pexkeixstead
few whiffs of long duration. Even without a well defined mean wind welddwave obtained
satisfying results, which suggest blanks andfighare two robust observables. As far as our
statistics is concerned, using the real discrete shapespifierical or ellipsoidal approximation
has no consequences regarding the probability distribdtiactions. If this remains the case
also with a larger statistics afmt in presence of a mean stable wind is an interesting and open
guestion that we cannot answer within the present data sstetr, the argument used in [11]
(and briefly discussed above) to derive (6) is rather gertapénding on the fusive motion

of the center of mass and thus the behavior (6) is not expectddpend too strongly on the
representation of the (il

4. Conclusions

We have studied the evolution of shape of more thahdifferent piffs transported by a tur-
bulent flow, by means of asphericity and prolateness, faligithe pufs up to one large-scale
eddy turnover time. The glis emitted spherical in the flow, and we have found a stronipdis
tion of the shape at small times, that is also in agreemehtagisuming the Lyapunov dynamics
for the characteristic dimensions of theffpiMoreover, we have found that notwithstanding the
isotropic nature of turbulence, fia do not fully recover a spherical shape at longer times for a
threefold reason: (i) small-scale stretching quickly andregly distorts the pfi (ii) the recovery
of isotropy in the inertial range is slow (algebraic) [33])(the inertial range has a limited ex-
tent. As a result, the memory of the Lagrangian dynamicsardiksipative range is kept for long
times. We have also analyzed the probability of hitting agitarget placed downstream with
respect to the local wind at the time of emission, in the tioeeses of the piticonsidered as a dis-
crete bunch of particles, as a sphere, and as an ellipsoidhawéefound a good agreement with
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the predictions for the probability densities of time pdsavith and without hits. These results
point to the conclusion that the concentration statissasnly mildly afected by the asphericity

of the pufs. Our analysis, possibly extended to include tfieat of mean wind and shear, may
provide valuable suggestions to improve Lagrangian moaofepaif release in the environment
[34, 35, 36].

Acknowledgements

L.B. acknowledges the collaboration with R. Scatamacadhi§, Lanotte and F. Toschi for
the production of the data analyzed in this work and the g@ldtinding from the European Re-
search Council under the European Community’s Seventh é&kank Programme, ERC Grant
Agreement N. 339032.

References

References

[1] G.T. Csanady, Turbulent fiusion in the environment, Ed. D. Reidel Publishing Compa#y,3.
[2] A.F. Bennett, Relative dispersion: local and nonlocatamics, J. Atmos. Sci., 41 (1984) 1881-1886.
[3] G. Lacorata, A. Mazzino, U. Rizza, 3D chaotic model fobgtid turbulent dispersion in large eddy simulations, J.
Atmos. Sci., 65 (2008) 2389-2401.
[4] M. Ollitraut, C. Gabillet, A.C. De Verdiére, Open oceggimes of relative dispersion, J. Fluid Mech., 533 (2005)
381-407.
[5] P.M. Poulain, E. Zambianchi, Surface circulation in tentral Mediterranean Sea as deduced from Lagrangian
drifters in the 1990s, Cont. Shelf Res., 27 (2007) 981-1001.
[6] J.H. LaCasce, Relative displacement probability éhstion functions from balloons and drifters, J. Mar. R€8,
(2010) 433-457.
[7] J. Baldyga, J.R. Bourne, Turbulent mixing and chemiealctions, Wiley, 1999.
[8] J. C. Hill, Homogeneous turbulent mixing with chemicaéction, Annu. Rev. Fluid Mech., 8 (1976) 135-161.
[9] F. Lepreti, V. Carbone, V.I. Abramenko, V. YurchyshynRPGoode, V. Capparelli, A. Vecchio, Turbulent pair
dispersion photospheric bright points, Astrophys. J..L.@é89 (2012) L17.
[10] B.G. Elmegreen, A. Burkert, Accretion-driven turboée and the transition to global instability in young galaxy
disks, Astrophys. J., 712 (2010) 294-302.
[11] A. Celani, E. Villermaux, M. Vergassola, Odor landseagn turbulent environments, Phys. Rev. X, 4 (2014)
041015
[12] P.E. Dimotakis, Turbulent mixing, Annu. Rev. Fluid Mec37 (2005) 329-356.
[13] Z. Warhaft, Passive scalars in turbulent flows, Annw.Réuid Mech., 32 (2000) 203-240.
[14] B. Sawford, Turbulent relative dispersion, Annu. Rielid Mech., 33 (2001) 289-317.
[15] G. Falkovich, K. Gawedzki, M. Vergassola, Particlegldields in fluid turbulence, Rev. Mod. Phys., 73 (2001)
913-975.
[16] L.F. Richardson, Atmosphericftlision shown on a distance-neighbour graph, Proc. R. SoadmgrSer A, 110
(1926) 709-737.
[17] J.P.L.C. Salazar, L.R. Collins, Two-particle dispensin isotropic turbulent flows, Annu. Rev. Fluid Mech., 41
(2009) 405-432.
[18] G.E. Devaull, J.A. King, R.J. Lantzy, D.J. Fontaine,dénstanding atmospheric dispersion of accidental retease
Wiley-AIChE, 1995.
[19] T.D. Wyatt, Pheromones and animal behavior, Cambrldgigersity Press, 2003.
[20] L. Biferale, A. Lanotte, R. Scatamacchia, F. Toschietmittency in the relative separations of tracers and afhe
particles in turbulent flows, J. Fluid Mech., 757 (2014) 552.
[21] S. Chen, G.D. Doolen, R.H. Kraichnan, Z.S. She, On tte#il correlations between velocity increments and
locally averaged dissipation in homogeneous turbulenlegs FFluids A, 5 (1993) 458-463.
[22] M. Chertkov, A. Pumir, B.I. Shraiman, Lagrangian tetrdynamics and the phenomenology of turbulence, Phys.
Fluids, 11 (1999) 2394-2410.
[23] F. Toschi, E. Bodenschatz, Lagrangian properties digbes in turbulence, Annu. Rev. Fluid Mech., 41 (2009)
375-404.

10



[24]
[25]
[26]
[27]
(28]
[29]
(30]

(31]
(32

(33]
[34]
(35]

(36]

H. Fujisaka, Statistical dynamics generated by flumbms of local Lyapunov exponents, Prog. Theor. Phys. 70
(1983) 1264-1275.

R. Benzi, G. Paladin, G. Parisi, A. Vulpiani, Charaidation of intermittency in chaotic systems, J. Phys. A:iMat
Gen., 18 (1985) 2157-2165.

S.S. Girimaji, S.B. Pope, Material-element deformitin isotropic turbulence, J. Fluid Mech., 220 (1990) 427-
458.

L. Biferale, G. Bdfetta, A. Celani, B.J. Devenish, A. Lanotte, F. Toschi, Mpiticle dispersion in fully developed
turbulence, Phys. Fluids, 17 (2005) 111701.

J. Bec, L. Biferale, G. Bffietta, M. Cencini, S. Musacchio, F. Toschi, Lyapunov exptsmerf heavy particles in
turbulence, Phys. Fluids, 18 (2006) 091702.

A. Pumir, B.I. Shraiman, M. Chertkov, Geometry of Laggén dispersion in turbulence, Phys. Rev. Lett., 85
(2000) 5324-5327.

R. Scatamacchia, L. Biferale, F. Toschi, Extreme evémthe dispersions of two neighboring particles under the
influence of fluid turbulence, Phys. Rev. Lett., 109 (2012)501.

J.A. Aronovitz, D.R. Nelson, Universal features of yioler shapes, J. Phys., 47 (1986) 1445-1456.

V. Blavatska, W. Janke, Shape anisotropy of polymersigordered environment, J. Chem. Phys., 133 (2010)
184903.

L. Biferale, I. Procaccia, Anisotropy in turbulent flevand in turbulent transport, Phys. Rep., 414 (2005) 43-164.
P. de Haan, M.W. Rotach, A fiuparticle dispersion model, Int. J. Environment and Pht5 (1995) 350-359.

P. de Haan, M.W. Rotach, A novel approach to atmosptsigersion modelling: The BuParticle Model, Q. J.

R. Meteorol. Soc., 124 (1998) 2771-2792.

A.M. Reynolds, On the application of a Lagrangian RetiPUf Model to elevated sources in surface layers with
neutral stability, J. Applied Meteorol., 39 (2000) 1218282

11



