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The dispersion of Lagrangian particle pairs is a fundamental process in turbulence, with
implications for mixing, transport, and the statistical properties of particles in geophysical
and environmental flows. While classical theories describe pair dispersion through scal-
ing laws related to energy cascades, extreme events in turbulent flows can significantly
alter these dynamics. This is especially important in stratified flows, where intermittency
manifests itself also as strong updrafts and downdrafts. In this study, we investigate the
influence of extreme events on the relative dispersion of particle pairs in stably stratified
turbulence. Using numerical simulations we analyze the statistical properties of pair sepa-
ration across different regimes, and quantify deviations from classical Richardson scaling.
Our results highlight the role of extreme drafts in accelerating dispersion. These findings
have important implications for turbulent mixing in natural systems, including atmospheric
and oceanic flows, as well as applications in cloud microphysics and pollutant transport.

DOI: 10.1103/vg9c-vmby

I. INTRODUCTION

Stratified turbulent flows are ubiquitous in geophysical systems, ranging from the atmosphere to
the deep ocean, and play a central role in regulating heat transport, mass transfer, and mixing pro-
cesses [1–7]. Under stable stratification, buoyancy forces suppress vertical motions, giving rise to a
complex interplay between internal gravity waves and turbulent eddies [8,9]. Although stratification
generally inhibits turbulence and vertical mixing, numerous studies have reported the spontaneous
occurrence of extreme events—localized vertical drafts and intense bursts of dissipation—whose
magnitude and intermittency exceed Gaussian predictions, even beyond classical corrections for
intermittency in homogeneous and isotropic turbulence [10–13].

Although rare and localized, extreme events can dominate the energy budget and strongly affect
mixing efficiency, as demonstrated by numerical and theoretical studies [11,13]. Comparable results
have been reported across a range of Prandtl numbers [14], thereby broadening the conditions
under which such events arise. Their emergence has been associated with nonlinear interactions
among internal wave dynamics, shear instabilities, and small-scale turbulence [12,15,16]. Intense
vertical drafts and temperature bursts have been shown to develop spontaneously in stratified
flows, triggering local energy cascades and markedly enhancing dissipation [13,17]. This link
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between extreme events and elevated energy dissipation is further supported by oceanic models
and atmospheric observations [18–20].

Beyond their energetic role, extreme events have significant consequences for tracer and particle
transport. In particular, Lagrangian pair dispersion is highly sensitive to strong vertical motions [21].
Atmospheric and oceanic observations indicate that mixing often occurs within intermittent turbu-
lent patches surrounded by quiescent regions [13,18,20,22]. Such spatial heterogeneity challenges
classical turbulence models and complicates the parametrization of mixing and particle transport in
geophysical simulations [23,24].

Although recent studies have advanced our understanding of large-scale intermittency and non-
Gaussian statistics in stably stratified flows [11–14], key questions remain. In particular, the spatial
organization, frequency, mixing efficiency, and dynamical impact of extreme events are not yet
fully understood. Furthermore, their influence on inertial particle dynamics and on the possible
emergence of anomalous dispersion regimes remains largely unexplored [25,26]. Addressing this
gap is especially relevant for applications such as cloud microphysics, pollutant dispersion, and
mass transport in the ocean [23,27,28].

In this work, we address these questions using direct numerical simulations (DNSs) of stably
stratified turbulence (SST), combining a Lagrangian framework with statistical diagnostics to
detect and characterize extreme vertical velocity events. By classifying particles according to their
exposure to strong vertical drafts, we examine their pair dispersion, compute finite-time Lyapunov
exponents (FTLEs), and evaluate enstrophy along their trajectories. Our results show that extreme
events establish a conditional transport regime in which a subset of particles experiences enhanced
vertical dispersion, closely associated with coherent Lagrangian structures and regions of intense en-
ergy dissipation. These deviations from classical dispersion laws demonstrate that extreme events in
SST fundamentally reshape mixing dynamics. To illustrate the role of extreme events in Lagrangian
transport, the Supplemental Material [29] includes a video showing the evolution of two tracer
particle pairs in the same stably stratified turbulent flow. Both pairs are initialized with identical
separation and evolve simultaneously under identical flow conditions. Yet, while one pair traverses
a region with extreme vertical drafts, the other remains in a quiescent zone. The contrast is striking:
the pair experiencing extreme events undergoes rapid, explosive dispersion, whereas the other
stays closely bound. This direct comparison highlights a central message of this study—extreme
events can produce fundamentally different Lagrangian trajectories for fluid elements governed by
the same equations, thereby underscoring the impact of large-scale intermittency on mixing and
transport.

While the primary focus of this study is the Lagrangian dynamics of tracers in stratified turbu-
lence, we also present a brief analysis of neutrally buoyant particles. In stratified environments,
such particles are vertically confined near isopycnal layers by the buoyancy force, leading to
constrained vertical motion and complex transport dynamics [25,26,30]. Despite being small, they
can display behavior that differs markedly from that of fluid elements, including vertical clustering
and sensitivity to turbulence-induced fluctuations [26]. The Maxey–Riley–Gatignol equation, under
the Boussinesq approximation, provides a tractable model for their dynamics in this regime [31,32].
Previous studies have shown that such particles tend to accumulate in regions of low vorticity
in stably stratified flows, with confinement levels strongly controlled by the Stokes and Froude
numbers [26]. Here we investigate whether extreme vertical drafts—identified as Lagrangian ex-
treme events—can disrupt this confinement and promote enhanced vertical dispersion. This analysis
complements our broader effort to quantify the role of extreme events in turbulent mixing.

This study focuses on the Lagrangian manifestation of extreme events in SST, introducing a
statistical framework to identify such events, quantify their contribution to mixing, and relate them
to coherent structures. Combined with prior studies of large-scale intermittency in SST [7,11,13,15],
indirect assessments of stratified mixing [14], and geophysical observations of patchy mixing in the
atmosphere and oceans [18–20], our findings highlight the central role of extreme events in shaping
dispersion processes.
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II. NUMERICAL SIMULATIONS

In this study, we numerically solve the incompressible Boussinesq equations for the velocity field
u and for mass density fluctuations ρ ′,

∂t u + u · ∇u = −∇(p/ρ0) − (g/ρ0)ρ ′ẑ + ν∇2u + f, (1)

∂tρ
′ + u · ∇ρ ′ = (ρ0N2/g)u · ẑ + κ∇2ρ ′, (2)

∇ · u = 0, (3)

where p denotes the correction to the hydrostatic pressure, ν the kinematic viscosity, f an external
mechanical forcing, N the Brunt–Väisälä frequency (which, under this approximation, sets the
stratification), and κ the diffusivity. In terms of the background density gradient, the Brunt–Väisälä
frequency is defined as N2 = −(g/ρ0)(d ρ̄/dz), where d ρ̄/dz is the imposed linear background
stratification and ρ0 the mean fluid density.

We rescale the mass density fluctuations in velocity units by defining ξ = gρ ′/(ρ0N ), resulting
in the equations

∂t u + u · ∇u = −∇(p/ρ0) − Nξ ẑ + ν∇2u + f, (4)

∂tξ + u · ∇ξ = Nu · ẑ + κ∇2ξ . (5)

Moreover, considering a characteristic length scale L0 and a velocity scale U0 in the domain, and in-
troducing dimensionless quantities u∗ = u/U0, ξ ∗ = ξ/U0, f∗ = fL0/U 2

0 , x∗ = x/L0, t∗ = tU0/L0,
and p∗ = U 2

0 (p/ρ0), Eqs. (4) and (5) can be rewritten as

∂t∗u∗ + u∗ · ∇∗u∗ = −∇∗ p∗ − 1

Fr∗ ξ ∗ẑ + 1

Re∗ ∇∗2u∗ + f∗, (6)

∂t∗ξ ∗ + u∗ · ∇∗ξ ∗ = 1

Fr∗ u∗ · ẑ + 1

Pr Re∗ ∇∗2ξ ∗, (7)

where the asterisks in the differential operators denote that time and spatial derivatives are also
dimensionless. Here, the Froude number Fr∗ = U0/(L0N ) quantifies the relative strength of inertial
to buoyancy forces, the Reynolds number Re∗ = U0L0/ν measures the ratio of inertial to viscous
forces, and the Prandtl number is Pr = ν/κ . The coefficient 1/Fr∗ in the coupling terms highlights
the role of stratification in limiting the vertical velocity, whereas 1/Re∗ governs the dissipation. This
dimensionless form explicitly shows how a few control parameters regulate the competing effects
of turbulence and stratification in the flow.

We can also consider Reynolds and Froude numbers based on dynamical lengths and velocities,
which are only available after solving the equations, and we define respectively as

Re = LU

ν
, Fr = U

LN
, (8)

where L = π/(2u′2)
∫

E (k)/k dk is the flow characteristic Eulerian integral scale, U = 〈|u|2〉1/2 the
flow r.m.s. velocity, E (k) the isotropic kinetic-energy spectrum, and u′2 = U 2/3. Based on these
parameters, the buoyancy Reynolds number is defined as

Rb = ReFr2, (9)

which estimates the turbulence strength at the buoyancy scale, Lb = 2π/kLb where kLb = N/U is the
buoyancy wave number. The buoyancy Reynolds number, which plays a central role in modulating
the flow properties, is sometimes defined as ε/(νN2), where ε is the kinetic-energy dissipation,
and is also referred to as the interaction parameter [33]. For Rb � 1, strong stratified turbulence
can develop, whereas for Rb � 1, turbulent motions are heavily damped by viscosity. Although
geophysical flows typically exhibit large buoyancy Reynolds numbers (e.g., observations in the

014501-3



REARTES, MININNI, AND MARINO

TABLE I. Relevant parameters of the fluid simulations. nx , ny, and nz are the grid dimensions; NT0 is the
Brunt-Väisälä frequency in units of T −1

0 = U0/L0; Fr is the Froude number, Re the Reynolds number, and Rb
the buoyancy Reynolds number. L is the integral length scale of the flow, η the Kolmogorov scale, Lb the
buoyancy length, and LOz the Ozmidov scale. All lengths are in units of the reference length L0.

Run nx = ny nz NT0 Fr Re Rb L/L0 η/L0 Lb/L0 LOz/L0

TG 768 192 8 0.1 2600 24 1.05 0.005 0.65 0.17
RND 1024 1024 5 0.05 7200 18 2.50 0.006 0.78 0.05

ocean thermocline suggest Rb ≈ 102–103 [34]), computational constraints limit the values of Rb
that can be realistically simulated. Previous studies have shown that Rb > 10 is sufficient to sustain
some small-scale turbulence in the flow [35,36].

The Ozmidov scale, Loz = 2π/koz with koz =
√

N3/ε, also plays a critical role in the dynamics.
At scales much smaller than Loz, the flow is expected to recover isotropy. When Rb > 1, the
Ozmidov scale exceeds the Kolmogorov scale η, and quasi-isotropic turbulent transport can be
anticipated at the smallest dynamical scales of the flow.

In this study, the choice of Froude numbers for the numerical simulations was informed by previ-
ous work identifying an optimal range for the occurrence of extreme events in stratified turbulence.
In particular, Ref. [11] showed that, in stably stratified turbulent flows, large-scale intermittency
intensifies within the range 0.05 < Fr < 0.3, with a maximum around Fr ≈ 0.08 and that in the
same range there is also an intensification of the classical small-scale (or internal) intermittency [15].
In this regime, vertical velocity and density fluctuations display fat-tailed probability distributions,
indicating the emergence of extreme events localized in space and time. The analysis in Ref.
[11] further revealed that the Lagrangian vertical velocity kurtosis also attains its maximum at
Fr ≈ 0.08. Since values of Fr of O(10−2) are also typical of atmospheric and oceanic systems, we
consider simulations in this range to capture the influence of extreme events on particle dispersion
in geophysical contexts.

We performed two numerical simulations with different spatial resolutions, domain geometries,
and forcing mechanisms (see Table I). In the first case, labeled TG, turbulence is sustained by
Taylor–Green (TG) forcing [37], with a resolution of Nx = Ny = 768 and Nz = 192 grid points.
The domain extends over Lx = Ly = 2πL0 in the horizontal directions and Lz = H = πL0/2 in the
vertical, where L0 is the reference length. The TG forcing is a two-component velocity forcing that
produces large-scale, counterrotating vortex pairs perpendicular to the stratification, separated by a
shear layer. Its form is given by

f = f0[sin(k f x) cos(k f y) cos(k f z)x̂ − cos(k f x) sin(k f y) cos(k f z)ŷ], (10)

where f0 is the forcing amplitude and k f = 1/L0 the forcing wave number. This flow configuration
has been widely employed to investigate stratified turbulence [38,39]. In the stratified case, it
generates a balanced large-scale circulation with vertically sheared horizontal winds (VSHWs),
i.e., a nonzero mean horizontal velocity, which in this flow is confined to the shear layer separating
the TG vortices [26]. The forcing is time-independent and therefore does not introduce additional
timescales into the system. The Froude number in Eq. (8) can then be interpreted as the ratio between
the characteristic frequency of the large-scale eddies and the Brunt–Väisälä frequency.

The second simulation, labeled random (RND), was carried out in a cubic domain with Nx =
Ny = Nz = 1024 grid points and physical size Lx = Ly = Lz = 2πL0. In this case, isotropic random
three-dimensional forcing was applied, following the method described in Ref. [40]. This approach
is used, in our case, to generate a nonhelical random forcing from a superposition of Fourier
modes with random phases. Two random vector fields are generated in Fourier space with Cartesian
components given by

v
(1)
i (k) = A(k)eiφ, v

(2)
i (k) = A(k)eiφ′

, (11)
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where i = 1, 2, 3 denotes the component, φ and φ′ are random phases (different for each component
and wave vector k), and A(k) is an amplitude function controlling the shape of the forcing spectrum.
Three incompressible vector fields are then constructed as

u(1) = ∇ × v(1), u(2) = ∇ × v(2), (12)

ω(3) = ∇ × [u(1) sin α + u(2) cos α]. (13)

Finally, the forcing is defined as

f (k) = u(1)(k) sin α + u(2)(k) cos α + ω(3)(k)

k
, (14)

where α is a parameter controlling the helicity of the forcing (the relative helicity is h = sin(2α),
with h = 0 for α = 0, and h = 1 for α = π/4). In this study, we set α = 0 to avoid helicity injection.
The random phases φ and φ′ evolve in time with correlation time τ f = 0.5L0/U0. The forcing is
applied to all modes with wave number k f = 1/L0 lying on a spherical shell in Fourier space.
Unlike TG forcing, RND does not generate large-scale structures in the flow. In the presence of
stratification, this mechanism produces an unbalanced flow, excites strong internal gravity waves,
and promotes the development of VSHWs at all heights [41].

The two forcing functions considered lead to markedly different flow dynamics. As already
mentioned, TG forcing produces localized regions of vertical shear, constrains the growth of
horizontal winds, but also promotes the formation of turbulent instabilities associated with the
large-scale circulation—features useful for studying the interaction between coherent structures and
particle dispersion. In contrast, RND imposes a more homogeneous energy distribution, enabling the
analysis of transport in a wave- and wind-dominated regime, free from the influence of large-scale
organized vortices. Together, these forcing strategies provide complementary insights into distinct
transport mechanisms in SST.

For practical purposes, the Boussinesq equations, Eqs. (4) and (5), were solved in a triply
periodic domain using a parallelized, fully dealiased pseudospectral method and a second-order
Runge–Kutta scheme in time [42]. All simulations use a Prandtl number Pr = 1, interpreted as an
effective turbulent Prandtl number [43,44]. The kinematic viscosity was chosen to ensure that the
Kolmogorov scale, η = (ν3/ε)1/4, is well resolved, where the kinetic-energy dissipation rate is given
by ε = ν〈|ω|2〉, with ω = ∇ × u the vorticity.

Lagrangian tracers were initialized randomly throughout the domain once the flows had reached
a statistically steady turbulent state. Their initial velocities were set equal to the fluid velocity at the
particle positions, and as Lagrangian fluid elements, they follow the local fluid velocity at all times.
In each simulation listed in Table I, 106 particles were used in the TG run and 1.5 × 106 in the
RND run. The simulations were integrated for more than 120 large-eddy turnover times, providing
sufficient statistics across multiple extreme events in the fully developed turbulent regime.

To complement the analysis of Lagrangian tracers, we also briefly consider neutrally buoyant
inertial particles only in the TG simulation. Their dynamics are governed by a simplified form of the
Maxey–Riley–Gatignol equation [31,32]. These particles have the same density as the surrounding
fluid, but owing to their finite response time, they do not follow the fluid velocity instantaneously
[25,26]. Their motion is described by

v̇ = 1

τp
[u(x, t ) − v(t )] − 2

3
N[N (z − z0) − ξ ]ẑ + D

Dt
u(x, t ), (15)

where, for a spherical particle of radius a, τp = a2/(3ν) is the particle response time and ξ the
rescaled buoyancy field. The Stokes number is defined as St = τp/τη, where τη = (ν/ε)1/2 is the
Kolmogorov timescale. In our simulations, we restrict to buoyancy Stokes numbers Sb = τpN < 1,
for which the Basset–Boussinesq history term is negligible [24]. We consider three values of St,
spanning weak to moderate inertia (see Table II). Each set in Table II has 106 particles, which
were evolved for 80 large-eddy turnover times to ensure sufficient statistical sampling. Particles are

014501-5



REARTES, MININNI, AND MARINO

TABLE II. Relevant parameters of the inertial particles in the TG simulations. St is the Stokes number,
τp/T0 is the Stokes time in units of T0, a/η is the particle radius in units of the Kolmogorov scale, and Rep lists
the corresponding particles’ Reynolds numbers.

Label St τp/T0 a/η Rep

St03 0.3 0.024 1.08 0.2
St1 1 0.076 1.85 0.5
St3 3 0.235 3.38 2.7

initialized in a horizontal slab of width H/5 centered at z0 = H/2, corresponding to the shear layer
where extreme events are most prevalent in the TG flow; this configuration maximizes the likelihood
of particle–draft interactions. Particles are one-way coupled, do not interact with one another, and
do not modify the flow. The particle Reynolds number, defined as Rep = a|u − v|/ν, remains below
or of order unity in all cases. These particles should be considered only as test particles to measure
the impact of the extreme events when particles have inertia; other cases of particles (such as, e.g.,
heavy particles relevant for cloud physics) are left for future studies.

Finally, to relate the dimensionless parameters used in our simulations with geophysical
examples—while reminding the reader that our numerical setup is heavily simplified—it is use-
ful to consider some characteristic values from atmospheric and oceanic environments. For the
atmosphere, we can consider the case of the stratosphere under dry conditions. Typical horizontal
velocities are U ≈ 20 m s−1, the typical horizontal length is L ≈ 17 km, and the Brunt-Väisälä
frequency is N ≈ 0.02 s−1 [20]. This results in Fr ≈ 0.06. Our simulations can be rescaled using
U0 = U , L0 = L, resulting in domains with a horizontal length of ≈100 km, in Brunt-Väisälä
frequencies ≈0.01 s−1, and in vertical velocities of ≈1 m s−1, compatible with observations. In
the ocean interior, Froude numbers typically span Fr ≈ 10−2 for basin-scale motions to 10−1 at
vertical scales of approximately H = 1 km [45]. At these depths, the Brunt-Väisälä frequency is
usually around N ≈ 10−3 s−1. If we rescale our TG simulation using these representative scales, the
resulting r.m.s. horizontal velocities are close to 0.08 m s−1, consistent with observed mesoscale
velocity fluctuations of the order of 0.1 m s−1 [45]. Of course, the numerical simulations do
not reproduce the full separation between forcing, buoyancy, and dissipation scales that exists in
these flows. For the case of neutrally buoyant particles, relevant mostly in the oceanic context,
considering typical particle radii of 1 to 3 mm [46] and a Kolmogorov timescale τη ≈ 3 s in the
mixed layer and seasonal thermocline [28,47], typical Stokes numbers are in the range St ≈ 0.3 to 3.
Smaller biological particles, such as nanoplankton and microplankton, have characteristic diameters
spanning from a few microns to a few hundred microns [27], and Stokes numbers in the range of
St ≈ 10−5 to 10−1.

III. LAGRANGIAN DEFINITION OF EXTREME EVENTS

To assess the effect of extreme events on particle transport, a clear criterion is required to identify
whether a particle (either a tracer or an inertial particle) experiences such an event. In this study, a
particle is considered to undergo an extreme event when its vertical velocity exceeds the threshold
4σvz at a given instant t , where σvz is the standard deviation of the instantaneous vertical velocity
of all particles in the same dataset at the same time. The dimensionless cumulative time a particle
spends in extreme events is then computed as

τexev =
(

N

2π

) ∫
|vz |>4σvz

dt ≈
(

N

2π

) ∑
i

ni�t, (16)

i.e., as the sum of the number of time steps ni spanning the time intervals during which this condition
is satisfied, multiplied by the time step �t , and normalized by the Brunt–Väisälä period [see Fig. 1(a)
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FIG. 1. (a) Vertical velocity vz of a representative tracer as a function of time, normalized by the Brunt–
Väisälä period. An extreme event is defined when vz exceeds 4σvz (dashed line), where σvz is the instantaneous
standard deviation of vz across all tracers. The cumulative time spent in extreme events is shown as red-shaded
intervals. (b) Trajectories of tracers in the TG simulation on an x-z plane during one Brunt–Väisälä period,
colored by the magnitude of the vertical velocity (from blue to red). Trajectories experiencing extreme vertical
velocities appear more tangled and mixed, whereas those avoiding extreme events are more ordered. An inset
provides a detail highlighting the contrast between tracers that cross extreme drafts and those that do not.

for an illustration]. The first motivations to consider these two quantities are as follows: On the one
hand, it is standard to define extreme events as those corresponding to large deviations of a mean
value, as also used, e.g., to characterize rogue waves in the ocean [48]. On the other hand, using
solely the instantaneous velocity would not distinguish situations in which the particles sporadically
go across an isolated fluctuation, from those cases in which the extreme events act repeatedly or over
longer times over the particles. Quantifying the time spent in these events will allow us to separate
these cases.

The rationale for using these indicators and for the choice of the threshold for vz is illustrated
in Fig. 1: panel (b) shows tracer trajectories in the TG simulation on an x-z plane, colored by
their vertical velocity magnitude. Trajectories that cross regions of extreme vertical drafts appear
strongly tangled and mixed, whereas those that do not experience such events remain more ordered.
This clear separation supports the use of 4σvz as an effective criterion for identifying Lagrangian
extreme events.

Based on these indicators, we classify all particles into two main subsets. The first consists
of particles that experience sufficiently long extreme events, defined as those with τexev > 1. The
second subset includes particles that remain in a “mild” flow, i.e., particles that never encounter
an extreme event and whose vertical velocity stays below 2.5σvz throughout their evolution. This
lower threshold would classify almost all events as mild (≈98.7% of them) if the vertical velocity
were Gaussian. These definitions leave a third residual set of particles that do not satisfy either
condition—those for which |vz| becomes large but not large enough, or not sustained for long
enough, to qualify as particles going through extreme events.

We verified the robustness of this classification by varying the threshold in vz and the threshold
for τexev in the range τth ∈ [0.5, 2.75]. Besides effects associated with the lack of statistics for large
thresholds, changing the threshold in vz has no qualitative impact on the results shown below. For
the threshold in time, for τth = 0.5 the first subset of particles includes many that only experience a
single short extreme event, yielding statistics that approach the mean over all particles. For τth � 2.5,
the number of pairs available decreases rapidly, leading to poor sampling and large fluctuations
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in averaged quantities. However, the results are consistent in the range explored for τth, and the
criterion τexev > 1 provides a statistically converged subset (about 105 pairs) that captures the
enhanced dispersion associated with extreme events while providing smooth temporal evolutions
of mean quantities. These tests indicate that the results presented in Sec. IV are insensitive to small
changes in the thresholds, validating the robustness of the definitions.

Finally, this classification is also motivated by the existence of invariant manifolds in the phase
space of stratified turbulence—structures along which fluid elements evolve slowly, with rapid
transitions between them [12,16]. Previous studies have shown that fluid elements in stratified
turbulence alternate between two main dynamical states: one dominated by internal waves, where
vertical transport is inhibited, and another associated with the onset of local instabilities that
disrupt the wave regime and enhance energy dissipation [12,13]. In this framework, Lagrangian
particles that undergo extreme events correspond to those that temporarily escape the invariant
manifold associated with internal waves, reaching regions of phase space where vertical transport
and dissipation become more efficient. Conversely, particles that never experience extreme events
remain confined within the wave-dominated manifold, undergoing more constrained evolution and
reduced interaction with turbulent structures [16]. This classification thus distinguishes between
fluid elements that actively contribute to energy and mass mixing and those that persist in states of
low mobility [12].

As a summary, based on these criteria, we define two subsets of particles: those that experience
extreme events, denoted as #nX , and those that never experience them, denoted as #nNX . In each
simulation, approximately 20% of the total particles belong to #nX , while about 30% belong
to #nNX . These proportions yield two comparably sized groups, allowing for a robust statistical
analysis of their contrasting dynamical behavior.

IV. PAIR DISPERSION OF TRACERS

The study of pair dispersion is central in turbulence, as it characterizes how flow structures influ-
ence the evolution of particle separations across scales [49–51]. Pair dispersion is analyzed through
the time evolution of the relative separation r(t ) between two particles, governed by dr/dt = w(t ),
where w(t ) is their relative velocity. The mean-square separation 〈r2〉(t ) characterizes different
dispersion regimes depending on spatial and temporal scales. At small scales within the dissipative
range, separation is controlled by local velocity gradients. In the inertial subrange (η � r � L0),
and assuming isotropic and homogeneous turbulence, dispersion follows the Richardson–Obukhov
law, 〈r2〉(t ) ∼ gεt3, where ε is the energy dissipation rate and g a universal constant [51,52]. In
stratified turbulence, particle dispersion is strongly anisotropic, with marked differences between
horizontal and vertical components, including in the presence of rotation [53]. These effects lead
to deviations from classical models developed for isotropic and homogeneous turbulence [50,54].
Whereas horizontal dispersion displays sustained growth over time, vertical dispersion typically
exhibits an initial growth phase, followed by saturation and eventually a transition to long-time
diffusive behavior [54,55].

Here we focus on vertical pair dispersion, considering its role in the vertical transport in geophys-
ical turbulence. Vertical dispersion is particularly important for atmospheric and ocean dynamics, as
stratification strongly limits vertical displacements [54,56]. Figure 2 presents the temporal evolution
of the vertical separation of tracer pairs that are initially separated by ζ0 ≈ 3η, evaluated for the
entire set of tracers as well as for the two subsets #nX and #nNX defined above. Dispersion is
quantified through the mean-square vertical separation 〈ζ 2〉(t ), normalized by the dissipation scale
η. Results from both RND and TG simulations are compared to examine how the forcing structure
influences dispersion dynamics. In both cases, particles belonging to subset #nX —those undergoing
extreme events—exhibit significantly larger dispersion than particles in subset #nNX , which never
experience such events. This contrast is particularly evident in the dispersion exponent: although
dispersion is diffusive in all cases (i.e., sublinear in time), the exponent is consistently larger for
#nX . The qualitative difference in dispersion behavior is further illustrated in the Supplemental
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FIG. 2. Vertical pair dispersion 〈ζ 2〉(t ), normalized by η, as a function of time for all tracers (purple),
for the subset experiencing extreme events (#nX , red), and for the subset that does not (#nNX , blue). Panel
(a) corresponds to the RND simulation, while panel (b) shows results for TG. In both cases, subset #nX shows
significantly enhanced dispersion, while #nNX exhibits much lower values of 〈ζ 2〉. In the TG simulation, as the
separation approaches the buoyancy scale, the subsets seem to transition to a diffusive regime. Several scaling
laws with time are shown as references, including diffusive scaling ≈t at late times in the TG simulation.

video [29], where two tracer pairs with identical initial separation evolve in the same flow: one
pair encounters an extreme event and undergoes rapid vertical dispersion, while the other remains
closely coupled. This contrast highlights the role of extreme events in driving conditional transport
dynamics in stratified turbulence.

An interesting effect is observed in the TG simulation, where a change in the dispersion rate
seems to occur as the separation approaches the buoyancy scale Lb. At that point, vertical dispersion
transitions into a diffusive regime that is compatible with ≈t scaling, suggesting a modification in
the underlying transport dynamics. This behavior would be consistent with previous studies showing
that stratification imposes an upper limit on vertical dispersion, regulating the interplay between
turbulence and internal waves [39,54,55].

Moreover, the comparison between forcings reveals significant differences in the dispersion
behavior. In the RND case, dispersion grows steadily in time, as expected, since this forcing tries
to generate a more isotropic turbulent flow without dominant structures that can restrict particle
transport. In contrast, TG dispersion is strongly modulated by vertical shear, showing that flow
organization directly influences vertical transport efficiency. As shown in Fig. 2, the TG flow results
in larger vertical separations of particle pairs when compared with the RND case. However, its
large-scale coherent structures can intermittently confine tracers, producing short plateaus in the
growth of the vertical separation before releasing them back into regions of strong vertical drafts.
These plateaus are associated with the layered structure characteristic of stratified flows and reflect
the stratification-imposed constraints on vertical transport [55]. Overall, these differences highlight
the fundamental role of flow structure in determining particle dispersion in stratified turbulence and
reinforce the importance of extreme events in mass mixing.

To further examine pair dispersion in stratified turbulence, we analyze the distribution of vertical
separations within each tracer subset. Figure 3 shows the probability density function (PDF) of the
vertical separation ζ 2, normalized by its mean 〈ζ 2〉 at each time. Results are presented for the full
tracer set, the #nX subset, and the #nNX subset, considering times larger than τ = 2π/N . Figure 3(a)
corresponds to RND, and Fig. 3(b) to TG.

In both cases, the PDFs exhibit extended tails, particularly for the #nX subset. This reflects
the presence of extreme separation events, where some tracers undergo vertical dispersion far
exceeding the average. By contrast, the #nNX subset displays a larger probability of separations
below the mean, indicating that their vertical transport is more strongly constrained by stratification.
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FIG. 3. Probability density function (PDF) of vertical pair dispersion ζ 2, normalized by its mean 〈ζ 2〉, for
the full set of tracers, the subset that experiences extreme events (#nX ), and the subset that does not (#nNX ),
evaluated at times larger than τ = 2π/N . Panel (a) corresponds to the RND simulation, panel (b) to TG. In
both cases, tracers in #nX show a larger probability of attaining large separations, while tracers in #nNX are
more likely to remain below the mean.

In particular, the likelihood of finding pair separations below the mean is significantly larger for
#nNX than for #nX .

This behavior is similar to that observed in isotropic and homogeneous turbulence, where the
PDF of pair separations departs from Gaussian statistics and exhibits heavy tails due to flow inter-
mittency and the action of coherent structures [50,57]. In stratified turbulence, vertical dispersion
is further modulated by internal waves and vertical shear, introducing additional anisotropy in the
statistics of tracer separations [37,39].

These results indicate that Lagrangian extreme events fundamentally reshape vertical pair disper-
sion in stratified turbulence. While classical theories such as the Richardson–Obukhov law predict
universal scaling in isotropic and homogeneous turbulence, stratification imposes strong anisotropy
and introduces intermittent events that drive substantial deviations from these models. The com-
parison between TG and RND further shows that the forcing structure regulates not only the mean
level of dispersion but also the probability of extreme separations, with TG suppressing extremes
through coherent shear layers and large-scale structures, and RND enabling their persistence in a
slightly more isotropic setting. Overall, the Lagrangian classification into #nX and #nNX subsets
provides a new perspective beyond global or Eulerian analyses, highlighting the essential role of
extreme events in controlling vertical transport and mixing in stratified turbulence.

V. FINITE-TIME LYAPUNOV EXPONENTS AND LAGRANGIAN COHERENT STRUCTURES

As a result of the previous discussion, it seems evident that understanding particle transport in
stratified turbulent flows requires an accurate characterization of the structures that organize the
dynamics. Eulerian methods can identify vortices and structures in the instantaneous velocity field
but are limited when analyzing transport evolution over time. In this context, finite-time Lyapunov
exponents (FTLEs) and Lagrangian coherent structures (LCSs) provide a rigorous mathematical
framework for identifying material surfaces that act either as transport barriers or as regions of
enhanced mixing [58].

The study of LCSs and FTLEs has advanced considerably over the past decades, providing
essential tools for analyzing transport dynamics in turbulent flows. Early efforts to characterize
such structures in chaotic and turbulent systems trace back to Aref [59], who showed how chaos
theory applied to fluids can be used to understand mixing and the organization of transport in
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FIG. 4. Mean finite-time Lyapunov exponent, 〈λ〉, normalized by the Brunt–Väisälä frequency, as a func-
tion of time for all tracers, the subset that experiences extreme events (#nX ), and the subset that does not
(#nNX ). Panel (a) corresponds to the RND simulation, while panel (b) shows results for the TG simulation. In
both cases, #nX shows significantly larger 〈λ〉, indicating a larger prevalence of repelling trajectories within
this subset.

time-dependent flows. Subsequent work by Ottino and Pierrehumbert extended these ideas to
chemical and geophysical flows, demonstrating that coherent structures in phase space strongly
influence tracer dispersion [60,61].

The modern formulation of LCSs, based on the maximization of FTLEs, was introduced by
Haller [62,63], establishing a mathematical framework to identify these structures in unsteady flows.
These studies showed that LCSs can be classified into attracting and repelling structures depending
on the local stretching dynamics of the fluid. This approach has been extensively validated through
both numerical and experimental studies, demonstrating that regions of high FTLE typically coin-
cide with transport barriers in turbulent systems [64]. In the context of stratified turbulence, works by
Boffetta, et al. and Ruppert-Felsot, et al. analyzed how internal waves and vertical shear modify the
structure of LCSs [65,66]. Their results showed that stratification introduces anisotropy in transport
dynamics, with coherent structures in stratified flows displaying greater temporal persistence than
in isotropic turbulence. More recently, Haller and Beron-Vera applied this framework to oceanic
vortices, identifying LCSs as dynamic barriers that regulate large-scale mass dispersion [67].

The approach to detect LCSs is then based on the computation of FTLEs, which quantify the
exponential rate of separation between initially nearby trajectories in the flow. Mathematically, the
FTLE is defined from the separation of particle pairs as

λ(ζ0, t0, t ) = 1

|t − t0| ln

(
ζ (t )

ζ0

)
, (17)

where λ is the Lyapunov exponent. Large FTLE values identify regions where small perturbations
in the initial tracer or inertial particle positions lead to large trajectory divergences, indicating the
presence of attracting or repelling LCSs [58].

Figure 4 shows the temporal evolution of the mean FTLE for the full tracer set, as well as
for the subsets #nX and #nNX . Figure 4(a) corresponds to the RND simulation, while Fig. 4(b)
presents the results for TG. In both cases, #nX exhibits significantly larger 〈λ〉 values, indicating a
stronger prevalence of repelling trajectories within this group. At long times, 〈λ〉 tends toward zero,
as tracer pairs reach large separations and no longer undergo exponential divergence. At short times,
a maximum in λ appears near the ballistic separation scale, corresponding to the regime where tracer
motion is still dominated by initial velocities, leading to rapid, nearly linear separation [26,39].
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FIG. 5. Tracer trajectories over a time interval τ = 2π/N for the RND simulation. Panel (a) shows trajec-
tories colored by FTLE values—red indicates repelling structures (positive FTLE), blue indicates attracting
structures (negative FTLE). Panel (b) shows the same trajectories colored by whether tracers experienced
extreme events (red) or not (blue). A correlation is observed between repelling trajectories and the occurrence
of extreme events.

The fact that subset #nX attains the largest λ values reveals a clear correlation between extreme
events and strongly repelling trajectories. This effect is even more pronounced in the TG simulation,
where the Lyapunov exponent reaches values nearly twice those observed in the RND case. This
difference suggests that, in the TG flow, tracer dynamics are dominated by coherent structures that
intensify trajectory divergence and amplify dispersion.

Figures 5 and 6 show tracer trajectories in the RND and TG simulations on an x-z slice, highlight-
ing the relationship between Lagrangian coherent structures and the occurrence of extreme events.
Figures 5(a) and 6(a) color trajectories according to FTLE values—distinguishing repelling (positive
FTLE) and attracting (negative FTLE) regions—while Figs. 5(b) and 6(b) classify trajectories by
whether tracers experienced extreme events. A clear spatial correlation emerges between repelling
trajectories and those associated with extreme events, suggesting that LCSs play a central role in
modulating vertical transport in these flows. This is consistent with previous studies showing that
regions of high FTLE coincide with zones of intense flow stretching, where small initial differences
in tracer positions grow exponentially, enhancing trajectory separation [58]. However, the results
presented here also correlate these structures with the occurrence or nonoccurrence of extreme
events.

In the TG simulation (Fig. 6), the presence of coherent structures is even more evident, with
well-defined repelling regions closely correlating with high concentrations of extreme events.
Consistently with Fig. 4, and as already mentioned, the maximum FTLE in the TG simulation
exceeds that in RND by more than a factor of 2, which enhances both the visual and statistical
contrast between repelling regions and extreme events in the former flow. In the RND case, in
contrast, the more homogeneous spatial distribution of extreme events leads to a weaker apparent
correspondence in the spatial distribution of extreme events and Lagrangian coherent structures as
seen in Fig. 5. Yet, particles experiencing these events still display systematically larger mean FTLE
values, confirming that they preferentially sample repelling trajectories even in the absence of strong
coherent organization. This reinforces the view that LCSs not only organize flow transport but also
act as catalysts for the occurrence of extreme events in particle dispersion. The clustering of extreme
vertical drafts in specific regions of the flow further suggests the existence of high-intermittency
patches, akin to those observed in atmospheric turbulence [20,68]. These patches, characterized
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FIG. 6. Tracer trajectories over a time interval τ = 2π/N for the TG simulation. Panel (a) shows trajec-
tories colored by FTLE values—red indicates repelling structures (positive FTLE), blue indicates attracting
structures (negative FTLE). Panel (b) shows the same trajectories colored by whether tracers experienced
extreme events (red) or not (blue). An even stronger correlation is observed compared with the RND case,
suggesting that repelling trajectories are closely associated with extreme events.

by elevated dissipation rates and intense velocity fluctuations, may locally enhance dispersion,
strengthening the link between coherent structures and intermittent transport.

Finally, in stratified turbulence, it is worth noticing that these coherent structures can act either
as dynamic barriers that inhibit mixing in certain regions, or as preferential corridors that promote
material exchange between fluid layers [58]. The observation that repelling trajectories identified by
FTLEs are associated with extreme events indicates that these regions exert a significant influence on
vertical dispersion dynamics. In the TG simulation—where vertical shear and organized structures
dominate the dynamics [69]—this effect is more pronounced, which may also explain the greater
prevalence of highly unstable trajectories compared with the RND case. The observed connection
between extreme events and coherent flow structures therefore provides a Lagrangian framework to
interpret their role in turbulent mixing.

VI. RELATIONSHIP BETWEEN EXTREME EVENTS AND ENERGY DISSIPATION

The study of energy dissipation in stratified turbulence has shown that the dynamics of these
flows are dominated by highly intermittent regions, where both the dissipation rate and the enstrophy
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attain values far exceeding those in the rest of the domain. These regions of strong large-scale
intermittency, corresponding to extreme drafts, have been identified in numerical simulations and
atmospheric observations, and play a key role in redistributing energy and in regenerating turbulence
in these systems [7,13,17,18,20]. In particular, recent studies have shown that the occurrence of
extreme vertical bursts is a fundamental mechanism behind the formation of these regions. These
bursts, which appear intermittently in space and time, can trigger localized turbulence, enhancing
energy dissipation and shaping its statistical distribution [13]. In geophysically relevant regimes,
it has been observed that roughly 10% of the flow volume can account for up to 50% of the total
dissipation, consistent with observations in ocean models [18], and underscoring the importance of
these events in the energy budget of stratified turbulence [11].

In stratified flows, enstrophy can also be amplified in regions where shear and stratification
produce thin turbulent layers [11]. These layers act as zones of intense mixing and energy transfer,
favoring the emergence of localized dissipation events. Numerical studies have shown that the link
between enstrophy and extreme intermittency is even more pronounced in flows with well-defined
coherent structures. In particular, in the TG simulation, particles undergoing extreme events exhibit
a significant local increase in the squared vorticity, reaching values far larger than in the RND case.
Moreover, globally, the TG flow also displays systematically larger domain-averaged enstrophy
than the RND simulation, reflecting the stronger shear layers that are generated by its coherent
forcing. This behavior again suggests that the coherent structures characteristic of TG forcing not
only organize the flow dynamics but also amplify local intermittency and energy dissipation. In
this sense, the presence of coherent vortices may facilitate the formation of large-shear regions,
promoting the emergence of intermittent patches.

From an experimental perspective, the existence of high-intermittency patches has been con-
firmed through atmospheric turbulence measurements. Data collected aboard the HALO research
aircraft show that clear-air turbulence exhibits a highly fragmented character, with well-defined
regions of intense dissipation separated by zones of lower activity [20]. These patches display
different spectral signatures within the same event, indicating that multiple mechanisms modulate
dissipation across distinct regions. In particular, the correlation between vertical velocity and density
fluctuations has been observed to play a central role in the generation of these structures, suggesting
that the interaction between internal waves and turbulence is a fundamental mechanism behind their
onset.

We also examined the link between enstrophy, energy dissipation, and extreme events in the sim-
ulations of stratified flows performed for this study, and vertical bursts were found to significantly
affect the efficiency of kinetic-energy dissipation. The spatial peaks of squared vorticity confirm that
the extreme vertical drafts not only generate local turbulence, but also modulate energy dissipation
and interscale transfer as found in Refs. [11,13,17]. Figure 7 presents the temporal evolution of the
mean squared vorticity at the locations of Lagrangian tracers, for the total set as well as for the
subsets that do or do not experience extreme events. The subset of particles undergoing extreme
events exhibits significantly larger squared vorticity values, indicating that turbulence is stronger
and energy dissipation is probably highly localized in these regions of the flow. This effect is
even more pronounced in the TG simulation, where coherent structures organize the flow such that
squared vorticity peaks coincide with highly intermittent regions. These results reinforce the view
that large-scale intermittent turbulent patches are a fundamental feature of stratified turbulence and
play a central role in redistributing energy across the system [13]. By concentrating the vorticity in
localized regions, these patches strongly influence tracer transport dynamics and the evolution of
turbulence at all scales.

It is also worth mentioning that, in Fig. 7, there are other conspicuous differences between the
RND and TG runs. In the TG flow, 〈ω2〉 fluctuates around a mean value, while in RND it grows
in time. This is associated with the dynamics of vertically sheared horizontal winds (VSHWs):
while in the TG flow horizontal winds remain largely confined to the central shear layer, in the
RND case they can develop more broadly throughout the domain. In the absence of an externally
imposed large-scale structure, the RND forcing allows wave-like fluctuations and horizontal winds
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FIG. 7. Temporal evolution of the mean squared vorticity at the positions of Lagrangian tracers for the full
set, the subset that experiences extreme events (#nX ), and the subset that does not (#nNX ). Panel (a) corresponds
to the RND simulation, while panel (b) shows the results for the TG simulation. In both cases, #nX displays
significantly larger squared vorticity than the average, while #nNX shows markedly lower values. This suggests
that extreme events predominantly occur in flow regions characterized by enhanced turbulence intensity.

to reinforce each other over time, which prevents the flow from reaching a fully stationary state (at
least, in the times considered in the present study). As a result, energy gradually accumulates in
the VSHW modes in the RND run, leading to the slow growth of 〈ω2〉 observed in Fig. 7(a). Also,
note that the peak observed near t (N/2π ) ≈ 30 in Fig. 7(b) for the TG simulation corresponds to
a transient large-scale reorganization of the flow. This dynamics, associated with the development
and later decay of large-scale shear, momentarily increases the mean enstrophy but does not modify
the relative differences between all tracer subsets (as all subsets are affected by the same large-scale
dynamics). Such modulation is intrinsic to the TG flow dynamics and does not significantly affect
the conclusions drawn from the conditional averages.

To quantify how extreme events bias the overall dissipation budget, we tracked the instantaneous
dissipation sampled by each tracer along its trajectory and integrated it over the full observation
window for each subset. We find that the subset #nX—which comprises only ≈20% of all tracers
and, consequently, a comparable fraction of the sampled flow volume—accounts for ≈40% of the
cumulative viscous dissipation. Put differently, tracers traversing extreme vertical drafts experience,
on average, a dissipation rate nearly twice that of the background population. This disproportionate
contribution confirms that extreme-event patches not only localize intense squared vorticity but also
channel a substantial fraction of the energy cascade into small-scale dissipation. Unlike previous
Eulerian analyses, this Lagrangian perspective reveals how a minority of fluid elements concentrate
a dominant share of the dissipation. Thus, extreme events exert an outsized influence not only on
transport and mixing efficiency, but also on the global energy budget.

VII. EFFECT OF EXTREME EVENTS ON THE DISPERSION OF INERTIAL PARTICLES

Here we briefly analyze how coherent structures influence the vertical stability of neutrally
buoyant inertial particles. These particles have the same density as the surrounding fluid and
therefore, in an isotropic and homogeneous fluid, experience no net buoyant force [70]. However,
in a stratified flow, as soon as they move from the layer of neutral buoyancy, they feel a restoring
force. Besides, owing to their finite inertia, they do not behave as passive tracers, as they cannot
instantly follow fluid accelerations [52,55]. In stratified flows, such particles tend to remain confined
within a vertical region of thickness set by the buoyancy scale Lb, oscillating around isopycnal
surfaces that match their density. The stability of this layer enables mostly horizontal transport,
driven by vertically sheared horizontal winds [26]. The present analysis investigates instead the
impact of extreme vertical velocity events on the stability of these particles within isopycnal layers,
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FIG. 8. (a) Vertical pair dispersion 〈ζ 2〉(t ), normalized by η2, as a function of time for different Stokes
numbers (St) of inertial particles. Extreme events have a significant impact on dispersion, particularly for
particles with low inertia. At long times, the pair dispersion saturates at a value proportional to the buoyancy
scale Lb. At short times, particles undergoing extreme events exhibit a rapid initial separation. (b) The finite-
time Lyapunov exponent, normalized by the Brunt–Väisälä frequency, reflects this fast separation, showing
markedly larger values for particles experiencing extreme events, especially for lower Stokes numbers. (c) The
standard deviation of particle vertical positions, σz, normalized by Lb, highlights the crucial role of extreme
events in vertical dispersion. This influence is stronger for particles with lower inertia, and becomes less
significant as St increases.

by examining their vertical dispersion. Since neutrally buoyant inertial particles generally remain
near regions of matching density, it is unlikely that they encounter extreme events randomly. As
discussed earlier, such events are not uniformly distributed throughout the flow but often extend
across planes in the direction perpendicular to gravity [15]. To ensure exposure to regions of high
extreme-event activity, we thus consider only the TG flow, and initialize particles in the center of
the domain, where the Taylor–Green forcing generates strong vertical mixing and extreme events
are highly concentrated (see Fig. 6).

With this setup, we find that only 5% of the particle sets listed in Table II do not experience any
extreme events (#nNX ). We define the subset #nX as the group of particles that undergo extreme
events, using the same strict criterion as for Lagrangian tracers. In this case, this subset comprises
approximately 15% of all particles. This lower fraction is expected, since inertia causes the particles
to filter fast fluctuations in the fluid velocity and to deviate from the fluid motion: upon crossing
an extreme event, inertial particles tend to remain trapped in the flow for a shorter time, and
stratification-induced confinement leads them to decouple from the fluid element more rapidly.

Figure 8(a) shows the vertical pair dispersion 〈ζ 2〉(t ) of inertial particles, initially separated by
ζ0 ≈ 2η, normalized by η2, as a function of time for different Stokes numbers. The dispersion for
particles in the #nX subset is significantly larger than the average, whereas the #nNX subset exhibits
much lower values. For St = 0.3, dispersion is particularly enhanced compared with higher-inertia
cases, as particles with small St are more strongly coupled to the fluid elements. At long times, all
curves converge to a value proportional to Lb/2, corresponding to the mean separation of a randomly
distributed particle pair within the stratified layer of thickness Lb. This behavior is consistent with
the vertical confinement imposed by stratification. Nevertheless, even at long times the #nX subset
exhibits larger dispersion than #nNX , indicating that particles undergoing extreme events have a
larger tendency to explore the flow outside the layer where they are otherwise stably confined.
Moreover, the dispersion curve for #nX closely matches the ensemble average, consistent with the
observation that in this configuration most particles undergo at least one extreme event during their
evolution, as discussed previously.

To assess the short-time separation rate of inertial particle pairs, Fig. 8(b) presents the maximum
finite-time Lyapunov exponent for different particle subsets and Stokes numbers (St). In all cases,
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the #nX subset—particles experiencing extreme events—consists of highly repelling trajectories,
whereas the #nNX subset shows significantly fewer. This effect is particularly pronounced for
particles with St = 1, a value known to correspond to maximum particle clustering [26,71], which
occurs in regions of low local vorticity due to strong particle–fluid coupling. In this case, the
difference between the Lyapunov exponent of the #nX subset and the global average is markedly
smaller, suggesting that most particles at St = 1 already follow trajectories with enhanced separation
dynamics.

Another remarkable result for neutrally buoyant inertial particles concerns their stability within
the buoyancy layer. Figure 8(c) shows the standard deviation of particle vertical positions, σz,
normalized by Lb. Particles in the #nX subset exhibit significantly larger dispersion than the
mean, while those in #nNX display much smaller values. This indicates that extreme events play
a destabilizing role, allowing particles to escape their original isopycnal layer and explore other
stratified regions of the flow. Furthermore, this effect becomes more pronounced at lower Stokes
numbers. From a dynamical perspective, this is expected: neutrally buoyant inertial particles act as
a bandpass filter, with a bandwidth proportional to St, making them in some cases more sensitive to
turbulent fluctuations with certain frequencies [24]. Once again, for St = 1, the difference in vertical
dispersion across subsets is smaller, consistent with enhanced particle clustering that inhibits vertical
exploration. Thus, while inertial particles retain some degree of confinement and clustering, extreme
events remain the primary mechanism capable of destabilizing their trajectories and enhancing
vertical transport, in close analogy with the tracer dynamics.

VIII. CONCLUSIONS

In this work, we explored in detail the relationship between extreme vertical velocity events
in stratified turbulence and their impact on particle dispersion, focusing on the role of coherent
structures, the dynamics of finite-time Lyapunov exponents (FTLEs), and energy dissipation. Using
a Lagrangian approach, we showed that particle pair dispersion is strongly modulated by regions of
the flow where intense dissipation occurs, establishing a clear connection between extreme events,
coherent structures, and particle transport.

The analysis of tracer pair dispersion revealed that extreme events have a significant effect on
vertical separation. Tracers experiencing such events exhibit markedly larger dispersion rates than
those that do not. Moreover, in the TG simulation—where coherent structures are more prominent—
dispersion is further amplified, suggesting that flow organization plays a central role in determining
the Lagrangian transport efficiency. These results align with prior studies showing that stratified
turbulence induces strong anisotropy in dispersion and enhances vertical mixing in localized regions
[11,39,54]. The movie in the Supplemental Material [29] further emphasizes this result, providing a
direct visualization of how extreme events can lead to dramatically different Lagrangian outcomes
for tracers under identical flow conditions. Such events effectively reshape the dispersion landscape,
acting as selective amplifiers of tracer separation.

The FTLE analysis confirmed that regions of high FTLE values coincide with the occurrence of
extreme events, indicating that these flow structures are closely associated with strongly repelling
Lagrangian trajectories. Rather than being uniformly distributed, extreme events cluster around
dynamically organized regions that act as barriers or conduits for transport. The strong correlation
between FTLEs and extreme events reinforces the idea that such regions not only enhance dispersion
but also regulate intermittency in the transfer of energy across scales.

In stratified turbulence, coherent structures were found to modulate transport by organizing
energy dissipation. In particular, the TG simulation displayed longer-lived structures with greater
capacity to favor the emergence of extreme vertical drafts and to concentrate dissipation, as
reflected in larger squared vorticity and stronger intermittency. Our study of energy dissipation
further showed that extreme events preferentially occur in regions of enhanced enstrophy, where the
energy cascade culminates. Particles undergoing extreme events were found to exhibit significantly
higher enstrophy than the rest, confirming that such events are intimately tied to localized zones
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of intense dissipation. This establishes a strong connection between dissipation and dispersion:
the regions with the strongest energy dissipation coincide with those where particle separation is
most pronounced, directly linking the energetic dynamics of the flow with Lagrangian transport.
Finally, we showed that the ≈20% of tracers that intersect extreme vertical drafts account for nearly
≈40% of the total viscous dissipation sampled, underscoring the disproportionate energetic role of
these localized events. Additionally, we found that these high-dissipation events are intermittent and
occur in well-defined patches of the flow, indicating that both transport and dissipation in stratified
turbulence are not homogeneous processes but are dominated by localized zones where interactions
between internal waves and turbulence generate extreme fluctuations. These findings are consistent
with atmospheric observations, where clear-air turbulence (CAT) is seen to organize into sharply
defined regions of strong dissipation, separated by quiescent zones [20]. The presence of distinct
spectral structures within these events suggests that multiple mechanisms—possibly wave breaking,
shear instabilities, and vortex stretching—modulate dissipation in each patch [13,72].

A direct comparison between the TG and RND simulations also revealed that the prevalence
and spatial organization of extreme events differ markedly between the two forcings. In the TG
flow, extreme vertical drafts are less frequent but much more intense, appearing as localized bursts
confined within the shear layers that separate the large-scale vortices sustained by the external
forcing. In contrast, the RND flow displays a greater abundance of moderate events that are more
homogeneously distributed in space. This distinction explains the larger peaks of enstrophy and
stronger intermittency observed in the TG run, where coherent shear instabilities locally amplify
dissipation, whereas in the RND case, the more uniform distribution of weaker events yields
smoother bulk statistics. These differences highlight how the prevalence and localization of extreme
events control the large-scale properties of stratified turbulence through distinct mechanisms of
energy transfer.

In the case of neutrally buoyant inertial particles, our results reveal that extreme events signifi-
cantly destabilize the vertical confinement imposed by stratification. Particles exposed to extreme
events exhibit enhanced vertical dispersion, escape the isopycnal layer where they are otherwise
stable, and explore a wider range of stratified layers. This effect is most pronounced for small Stokes
numbers, where particles are more strongly coupled to the fluid and thus more responsive to fast
vertical drafts. Finite-time Lyapunov exponents confirm that these particles follow highly repelling
trajectories, leading to rapid separation at short times. At long times, while all particles tend to
saturate at a vertical dispersion comparable to the buoyancy layer thickness, those experiencing
extreme events consistently exceed the average, indicating a lasting imprint of extreme dynamics
on their transport. These findings highlight that, even under neutral buoyancy, particle inertia
plays a critical role in modulating the interaction with turbulent structures and in determining the
effectiveness of vertical mixing in stratified flows.

This study has identified and quantified the relationship between extreme events, particle dis-
persion, energy dissipation, and flow structure in stratified turbulence. The results demonstrate that
extreme events not only affect dispersion dynamics but also play a key role in the redistribution
of energy throughout the system. These insights open pathways for improving the modeling of
transport in geophysical flows, including applications to atmospheric mixing, pollutant dispersion,
and the vertical transport of microplastics and biological material in the ocean [51,73].

ACKNOWLEDGMENTS

This work was supported by the projects Proyecto REMATE of Redes Federales de Alto Impacto,
Argentina, “EVENTFUL” (No. ANR-20-CE30-0011) funded by the French Agence Nationale de la
Recherche (ANR), and “STREAM” (APR-2025) funded by the French Centre National d’Études
Spatiales (CNES). The authors acknowledge HPC facilities at Departamento de Fisica (FCEN,
UBA) in Argentina, and at École Centrale de Lyon (PMCS2I) in Ecully (France), for the support
in analyzing the data. C.R. also acknowledges Universidad de Buenos Aires for funding a research
trip in 2023, which made this study possible.

014501-18



EXTREME VERTICAL DRAFTS AS DRIVERS OF …

DATA AVAILABILITY

The data that support the findings of this article are not publicly available upon publication
because it is not technically feasible and/or the cost of preparing, depositing, and hosting the data
would be prohibitive within the terms of this research project. The data are available from the authors
upon reasonable request.

[1] K. B. Winters, P. N. Lombard, J. J. Riley, and E. A. D’Asaro, Available potential energy and mixing in
density-stratified fluids, J. Fluid Mech. 289, 115 (1995).

[2] O. Métais, P. Bartello, E. Garnier, J. Riley, and M. Lesieur, Inverse cascade in stably stratified rotating
turbulence, Dyn. Atmos. Oceans 23, 193 (1996).

[3] C. Cambon and J. F. Scott, Linear and nonlinear models of anisotropic turbulence, Annu. Rev. Fluid Mech.
31, 1 (1999).

[4] K. S. Smith, G. Boccaletti, C. C. Henning, I. Marinov, C. Y. Tam, I. M. Held, and G. K. Vallis, Turbulent
diffusion in the geostrophic inverse cascade, J. Fluid Mech. 469, 13 (2002).

[5] J. Riley and E. Lindborg, Stratified turbulence: A possible interpretation of some geophysical turbulence
measurements, J. Atmos. Sci. 65, 2416 (2008).

[6] M. Gregg, E. D’Asaro, J. Riley, and E. Kunze, Mixing efficiency in the ocean, Annu. Rev. Mar. Sci. 10,
443 (2018).

[7] W. Smyth, J. Nash, and J. Moum, Self-organized criticality in geophysical turbulence, Sci. Rep. 9, 3747
(2019).

[8] M. L. Waite and P. Bartello, Stratified turbulence dominated by vortical motion, J. Fluid Mech. 517, 281
(2004).

[9] E. Lindborg, The energy cascade in a strongly stratified fluid, J. Fluid Mech. 550, 207 (2006).
[10] C. Rorai, P. D. Mininni, and A. Pouquet, Turbulence comes in bursts in stably stratified flows, Phys. Rev.

E 89, 043002 (2014).
[11] F. Feraco, R. Marino, A. Pumir, L. Primavera, P. D. Mininni, A. Pouquet, and D. Rosenberg, Vertical

drafts and mixing in stratified turbulence: Sharp transition with Froude number, EPL 123, 44002 (2018).
[12] N. E. Sujovolsky, G. B. Mindlin, and P. D. Mininni, Invariant manifolds in stratified turbulence, Phys.

Rev. Fluids 4, 052402(R) (2019).
[13] R. Marino, F. Feraco, L. Primavera, A. Pumir, A. Pouquet, D. Rosenberg, and P. D. Mininni, Turbulence

generation by large-scale extreme vertical drafts and the modulation of local energy dissipation in stably
stratified geophysical flows, Phys. Rev. Fluids 7, 033801 (2022).

[14] N. Petropoulos, M. M. Couchman, A. Mashayek, S. M. de Bruyn Kops, and C.-c. P. Caulfield, Prandtl
number effects on extreme mixing events in forced stratified turbulence, J. Fluid Mech. 983, R1 (2024).

[15] F. Feraco, R. Marino, L. Primavera, A. Pumir, P. D. Mininni, D. Rosenberg, A. Pouquet, R. Foldes, E.
Lévêque, E. Camporeale, S. S. Cerri, H. Charuvil Asokan, J. L. Chau, J. P. Bertoglio, P. Salizzoni, and M.
Marro, Connecting large-scale velocity and temperature bursts with small-scale intermittency in stratified
turbulence, Europhys. Lett. 135, 14001 (2021).

[16] N. E. Sujovolsky and P. D. Mininni, From waves to convection and back again: The phase space of stably
stratified turbulence, Phys. Rev. Fluids 5, 064802 (2020).

[17] R. Foldes, S. S. Cerri, R. Marino, and E. Camporeale, Evidence of dual energy transfer driven by magnetic
reconnection at subion scales, Phys. Rev. E 110, 055207 (2024).

[18] B. Pearson and B. Fox-Kemper, Log-normal turbulence dissipation in global ocean models, Phys. Rev.
Lett. 120, 094501 (2018).

[19] J. L. Chau, R. Marino, F. Feraco, J. M. Urco, G. Baumgarten, F.-J. Lübken, W. K. Hocking, C. Schult, T.
Renkwitz, and R. Latteck, Radar observation of extreme vertical drafts in the polar summer mesosphere,
Geophys. Res. Lett. 48, e2021GL094918 (2021).

014501-19

https://doi.org/10.1017/S002211209500125X
https://doi.org/10.1016/0377-0265(95)00413-0
https://doi.org/10.1146/annurev.fluid.31.1.1
https://doi.org/10.1017/S0022112002001763
https://doi.org/10.1175/2007JAS2455.1
https://doi.org/10.1146/annurev-marine-121916-063643
https://doi.org/10.1038/s41598-019-39869-w
https://doi.org/10.1017/S0022112004000977
https://doi.org/10.1017/S0022112005008128
https://doi.org/10.1103/PhysRevE.89.043002
https://doi.org/10.1209/0295-5075/123/44002
https://doi.org/10.1103/PhysRevFluids.4.052402
https://doi.org/10.1103/PhysRevFluids.7.033801
https://doi.org/10.1017/jfm.2024.110
https://doi.org/10.1209/0295-5075/135/14001
https://doi.org/10.1103/PhysRevFluids.5.064802
https://doi.org/10.1103/PhysRevE.110.055207
https://doi.org/10.1103/PhysRevLett.120.094501
https://doi.org/10.1029/2021GL094918


REARTES, MININNI, AND MARINO

[20] P. Rodriguez Imazio, P. D. Mininni, A. Godoy, N. Rivaben, and A. Dörnbrack, Not all clear air turbu-
lence is Kolmogorov—the fine-scale nature of atmospheric turbulence, J. Geophys. Res.: Atmos. 128,
e2022JD037491 (2023).

[21] D. Buaria, A. Pumir, F. Feraco, R. Marino, A. Pouquet, D. Rosenberg, and L. Primavera, Single-particle
Lagrangian statistics from direct numerical simulations of rotating-stratified turbulence, Phys. Rev. Fluids
5, 064801 (2020).

[22] A. Lefauve, Geophysical stratified turbulence and mixing in the laboratory, C. R. Phys. 25, 479 (2024).
[23] F. J. Beron-Vera and P. Miron, A minimal maxey-riley model for the drift of Sargassum rafts, J. Fluid

Mech. 904, A8 (2020).
[24] C. Reartes and P. D. Mininni, Bounds to the Basset–Boussinesq force on particle laden stratified flows,

Phys. Fluids 36, 106605 (2024).
[25] A. Sozza, F. Lillo, S. Musacchio, and G. Boffetta, Large-scale confinement and small-scale clustering of

floating particles in stratified turbulence, Phys. Rev. Fluids 1, 052401(R) (2016).
[26] C. Reartes and P. D. Mininni, Dynamical regimes and clustering of small neutrally buoyant inertial

particles in stably stratified turbulence, Phys. Rev. Fluids 8, 054501 (2023).
[27] E. Acevedo-Trejos, G. Brandt, J. Bruggeman, and A. Merico, Mechanisms shaping size structure and

functional diversity of phytoplankton communities in the ocean, Sci. Rep. 5, 8918 (2015).
[28] K. D. Squires and H. Yamazaki, Preferential concentration of marine particles in isotropic turbulence,

Deep Sea Res. Part I 42, 1989 (1995).
[29] See Supplemental Material at http://link.aps.org/supplemental/10.1103/vg9c-vmby for movie which

shows a side-by-side comparison of two particle pairs evolving in the same stratified turbulent flow.
Particles in the red pair cross an intense vertical draft (marked in their tracks by red lines), leading to
rapid dispersion. The blue pair remains in a calmer region, and particles stay close together. Both pairs are
initialized with the same separation and evolve simultaneously under identical flow conditions, illustrating
how extreme events can dramatically alter Lagrangian trajectories.

[30] M. van Aartrijk and H. J. H. Clercx, Vertical dispersion of light inertial particles in stably stratified
turbulence: The influence of the Basset force, Phys. Fluids 22, 013301 (2010).

[31] M. Maxey and J. Riley, Equation of motion for a small rigid sphere in a nonuniform flow, Phys. Fluids
26, 883 (1983).

[32] R. Gatignol, The faxén formulae for a rigid particle in an unsteady non-uniform Stokes flow, J. Mécanique
Théorique Appliquée 1, 143 (1983).

[33] A. Pouquet, D. Rosenberg, and R. Marino, Linking dissipation, anisotropy and intermittency in rotating
stratified turbulence, Phys. Fluids 31, 105116 (2019).

[34] J. N. Moum, Energy-containing scales of turbulence in the ocean thermocline, J. Geophys. Res. 101,
14095 (1996).

[35] G. Ivey, K. Winters, and J. Koseff, Density stratification, turbulence, but how much mixing? Annu. Rev.
Fluid Mech. 40, 169 (2008).

[36] A. Pouquet, D. Rosenberg, R. Marino, and C. Herbert, Scaling laws for mixing and dissipation in unforced
rotating stratified turbulence, J. Fluid Mech. 844, 519 (2018).

[37] P. Clark di Leoni and P. D. Mininni, Absorption of waves by large-scale winds in stratified turbulence,
Phys. Rev. E 91, 033015 (2015).

[38] J. J. Riley and S. M. de Bruyn Kops, Dynamics of turbulence strongly influenced by buoyancy,
Phys. Fluids 15, 2047 (2003).

[39] N. E. Sujovolsky, P. D. Mininni, and M. P. Rast, Single-particle dispersion in stably stratified turbulence,
Phys. Rev. Fluids 3, 034603 (2018).

[40] A. Pouquet and G. Patterson, Numerical simulation of helical magnetohydrodynamic turbulence, J. Fluid
Mech. 85, 305 (1978).

[41] R. Marino, P. D. Mininni, D. L. Rosenberg, and A. Pouquet, Large-scale anisotropy in stably stratified
rotating flows, Phys. Rev. E 90, 023018 (2014).

[42] P. Mininni, D. Rosenberg, R. Reddy, and A. Pouquet, A hybrid MPI-OpenMP scheme for scalable parallel
pseudospectral computations for fluid turbulence, Parallel Comput. 37, 316 (2011).

014501-20

https://doi.org/10.1029/2022JD037491
https://doi.org/10.1103/PhysRevFluids.5.064801
https://doi.org/10.5802/crphys.196
https://doi.org/10.1017/jfm.2020.666
https://doi.org/10.1063/5.0229164
https://doi.org/10.1103/PhysRevFluids.1.052401
https://doi.org/10.1103/PhysRevFluids.8.054501
https://doi.org/10.1038/srep08918
https://doi.org/10.1016/0967-0637(95)00079-8
http://link.aps.org/supplemental/10.1103/vg9c-vmby
https://doi.org/10.1063/1.3291678
https://doi.org/10.1063/1.864230
https://doi.org/10.1063/1.5114633
https://doi.org/10.1029/96JC00507
https://doi.org/10.1146/annurev.fluid.39.050905.110314
https://doi.org/10.1017/jfm.2018.192
https://doi.org/10.1103/PhysRevE.91.033015
https://doi.org/10.1063/1.1578077
https://doi.org/10.1103/PhysRevFluids.3.034603
https://doi.org/10.1017/S0022112078000658
https://doi.org/10.1103/PhysRevE.90.023018
https://doi.org/10.1016/j.parco.2011.05.004


EXTREME VERTICAL DRAFTS AS DRIVERS OF …

[43] Y. Li, F. Ries, W. Leudesdorff, K. Nishad, A. Pati, C. Hasse, J. Janicka, S. Jakirlić, and A. Sadiki, Non-
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