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Turbulent flows are strongly chaotic and unpredictable, with a Lyapunov exponent that
increases with the Reynolds number. Here, we study the chaoticity of the surface quasi-
geostrophic system, a two-dimensional model for geophysical flows that displays a direct
cascade similar to that of three-dimensional turbulence. Using high-resolution direct
numerical simulations, we investigate the dependence of the Lyapunov exponent on the
Reynolds number and find an anomalous scaling exponent larger than that predicted
by dimensional arguments. We also study the finite-time fluctuation of the Lyapunov
exponent by computing the Cramér function associated with its probability distribution.
We find that the Cramér function attains a self-similar form at large Re.
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1. Introduction

Turbulence is a complex and chaotic phenomenon characterised by a large number of
interacting degrees of freedom organised hierarchically across multiple scales of motion
(Frisch 1995). Determining whether a turbulent flow remains predictable or, at each
scale, retains any degree of predictability has been a longstanding challenge, tracing back
to the pioneering works by Lorenz, Ruelle, Leith and Kraichnan (Lorenz 1969; Leith
1971; Leith & Kraichnan 1972; Ruelle 1979; Deissler 1986). The nonlinear amplification
of small-scale perturbations led to the formulation of the famous ‘butterfly effect’
(Lorenz 1963). When extended to multiscale systems such as turbulence, these ideas
give rise to the concept of the cascade of errors, in which small-scale perturbations
progressively amplify and propagate to larger scales, gradually spoiling predictability
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at larger and larger scales (Boffetta et al. 1997; Rotunno & Snyder 2008; Boffetta &
Musacchio 2017; Palmer 2024).

A key mathematical tool for studying predictability is the Lyapunov exponent and its
finite-time version (FTLE). Ruelle predicted that the Lyapunov exponent in turbulence is
proportional to the inverse of the smallest time, the Kolmogorov time, and therefore it
increases with the flow’s Reynolds number (Re) (Ruelle 1979). Nonetheless, a turbulent
flow at large Re remains predictable at large scales since the error grows with the
characteristic turnover time of that scale, which is independent of the Reynolds number.
This property is familiar in oceanography and atmospheric flows where the smallest time
scale can be very small (seconds) (Garratt 1994) while the weather remains predictable for
days.

In this work, we consider the surface quasi-geostrophic (SQG) equation, a model
that describes the flow governed by the conservation of buoyancy at the surface of a
rotating, stratified fluid (Blumen 1978; Pierrehumbert, Held & Swanson 1994). Beyond
its geophysical relevance, the SQG model has gained attention in the fluid dynamics
community due to its striking similarities to three-dimensional (3-D) Navier—Stokes (NS)
turbulence while keeping some properties of two-dimensional (2-D) flows. In particular,
the SQG model has two inviscid quadratic invariants, similar to 2-D turbulence (Celani
et al. 2004; Lapeyre 2017; Valade, Thalabard & Bec 2024) with one of the two, the surface
potential energy, displaying, in the presence of forcing and dissipation, a direct cascade a
la Kolmogorov towards the small scales similar to 3-D turbulence (Valaddo et al. 2024).
Despite this similarity, previous numerical studies (Pierrehumbert et al. 1994; Ohkitani &
Yamada 1997; Sukhatme & Pierrehumbert 2002) reported that the scaling exponent of
the spectrum of the surface potential energy deviates from the Kolmogorov value —5/3
predicted by dimensional arguments.

Based on very high-resolution direct numerical simulations of the SQG model, we study
the predictability of the direct cascade in relation to the scaling properties of the surface
buoyancy field. At large Reynolds numbers, we observe the recovery of the Kolmogorov
scaling in the surface potential energy spectrum. Further, we measure the finite-time
distribution of the Lyapunov exponent as a function of Re and we find an anomalous
scaling law in which the Lyapunov exponent grows faster than what is predicted on
dimensional grounds, similar to what was observed in 3-D NS turbulence (Boffetta &
Musacchio 2017; Mohan, Fitzsimmons & Moser 2017; Berera & Ho 2018). Despite this
anomaly, we find that the distribution of the FTLE follows an almost universal function,
independent of the Reynolds number of the flow.

The remainder of this paper is organised as follows. In § 2 we review the basic definitions
of the SQG equation and discuss its statistical properties in the turbulent regime. Section
3 discusses the main results obtained in this work through the use of extensive numerical
simulations covering a large range of Reynolds numbers. We split the results into two
subsections: § 3.1 explores the Reynolds dependence on the dimensional scaling properties
of SQG, principally the scaling exponent of the surface potential energy spectrum; § 3.2
addresses the Eulerian predictability and the statistics of the FTLE as functions of
Reynolds number. In §4, we summarise our results, pointing out directions for future
research.

2. The surface quasi-geostrophic model

The SQG model describes the large-scale dynamics of a rapidly rotating, stably
stratified flow using a 2-D equation for the surface buoyancy field 6(x, t) (Juckes 1994;
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Pierrehumbert et al. 1994; Lapeyre & Klein 2006; Lapeyre 2017; Vallis 2017; Siegelman
et al. 2022):

30 +v-VO=vV20 — uv720+ f. 2.1

The incompressibility condition V - v =0 is enforced through the stream function
¥ (x, t) which defines the velocity field as v(x, 1) = (=V ¥, V). The relation between
the buoyancy field and the stream function is given by ¥ = V™16 or, in Fourier space,
Y =0/k (where k = |k|) and consequently the velocity field can be written in terms of
buoyancy field as

iky iky\ ~
by=-—>, — )0k 2.2
(k) ( PR ) (k) (2.2)
from which one observes that 6 has the dimension of a velocity.

In the absence of forcing and dissipation (f =0, v =0, u = 0), the SQG equation (2.1)

conserves two quadratic quantities, the vertically integrated energy (VIE),

V=310, (2.3)
and the surface potential energy (SPE),
E=3(6°), 2.4)

where angle brackets stand for spatial average.

The dissipative and forcing terms in the SQG equation represent the effects of scales
not resolved by the model, their specific form being somewhat arbitrary (Smith et al.
2002; Lapeyre & Klein 2006; Burgess, Scott & Shepherd 2015). In (2.1) we introduce
a diffusivity v and a large-scale damping © chosen to be active at, respectively, small and
large scales only, while the forcing is active on a narrow range of scales around £ 7.

Under these conditions, one expects that a turbulent flow develops with a double cascade
phenomenology (Blumen 1978; Pierrehumbert et al. 1994). Within this scenario, SPE is
primarily transferred from the forcing scale to smaller ones (£ < £ r), producing the direct
cascade which is eventually dissipated by viscosity at the diffusive scale £,,. Meanwhile,
VIE undergoes an inverse cascade, transferring energy to scales larger than the forcing
(£ > £¢) until it is dissipated at the friction scale £,,. In the statistically stationary state,
the SPE and VIE balances are given by

g1 =6y + &y, (2.5)
nr="mnv + Ny, (2.6)

where ¢; = (6f) and n; = (Y f) are the input rates, &, = v(|VO|?) and ny =v(Vy - VO)
are the small-scale dissipation rates while ¢, = w(0V—20) and Ny = M(xpv—29> are the
large-scale dissipation rates of SPE and VIE, respectively.

Under the assumptions of statistical homogeneity and isotropy, Blumen (1978) first
predicted the power-law behaviour of the energy spectrum E (k)= (16 (k)|?) /2 for
sufficiently large scale separations ¢, < £y < £,. In this case, the spectral energy
densities follow

E(R)y~nPk~t, 10, <k < 1/ty, 2.7)
E(k) = e2Pk™>B, 1/t <k < 1/8, (2.8)
1017 A38-3
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and the diffusive and friction scales are determined on dimensional grounds as
1/4

2" ()"
t=(— R — —“> ) (2.9)
(51) : w3

The ratio between the dissipative and forcing scales, i.e. the extension of the inertial range,
defines the Reynolds numbers associated with the flow. For the direct cascade of SPE, in
analogy to 3-D NS turbulence, we define the Reynolds number as

1/3 ,4/3

/3 0\
Re=——1_J1 ~ (—f> . (2.10)
v Z,

Note that in (2.10) Re is based on ¢; and it is therefore defined a priori. Alternatively, we
could use the VIE dissipation &, resulting in a slightly smaller value of Re, as discussed
below.

The scaling laws in (2.7)—(2.8) can also be obtained from the analogous for SQG of the
exact four-fifths law of turbulence (Valadao er al. 2024; Valade, Bec & Thalabard 2025)
and by assuming self-similarity of the statistics (Frisch 1995). Following this approach,
one expects velocity and surface buoyancy to have the same scaling exponent 1/3, which
corresponds to that of the velocity field in 3-D NS turbulence. This observation allows
us to adapt to the SQG model the dimensional arguments developed by Ruelle for the
predictability of 3-D NS turbulence (Ruelle 1979). According to the latter, the Lyapunov
exponent A characterising the exponential growth of an infinitesimal perturbation of a
solution of (2.1) should be proportional to the inverse of the smallest dynamical time, i.e.
the Kolmogorov time 1, = (v/sv)l/zz

1 1
A~ —~ —Re'/?, (2.11)
T, Tf
In the following section, we numerically investigate the scaling properties of the surface
buoyancy field and the prediction (2.11).

3. Numerical simulations and results

We explore the statistical properties and the Eulerian predictability of the direct cascade
in SQG at different Reynolds numbers by numerically integrating (2.1) at high resolution
with a pseudo-spectral, GPU-accelerated code. Simulations are performed in a square
domain of size L, = L, = 2 with periodic boundary conditions, using a regular grid with
resolution N x N ranging from N = 1024 to N = 16 384. Simulations cover more than
two decades in the diffusion coefficient, corresponding to a Reynolds number (2.10) which
varies from Re = 600 to Re =159 000, while the large-scale dissipation coefficient u is
fixed. For all runs, the system is driven by a constant-amplitude forcing with random
phases, active within a narrow circular shell in wavevector space centred on ky =3.5
and with a small width Ak = 0.5. This forcing provides constant SPE and VIE injection
rates &7 and 1y, respectively, with &; ~ nk s since Ak < k. Specific details of the GPU
code performances can be found in Valadao et al. (2025).

The most relevant parameters for the simulations are listed in table 1. All the simulations
are performed in statistically stationary states, including the subset of simulations for
computing the Lyapunov exponent. We also performed a careful study on the sensitivity
of the following results to the maximum resolved wavenumber k. £, by increasing
resolution at fixed Re. We found independence of the results on the resolution for
kmax £y 2 1.5.
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Run N

Aj 1024
Ar 1024
Az 1024
Ay 1024
By 2048
B, 2048
By 2048
By 2048
C 4096

Re

642

794

1060
1590
2120
3180
6350
7940
3970

Kimax £y

5.5
4.7
3.8
2.9
4.7
3.5
2.1
1.8
5.9

Ty

0.0260
0.0240
0.0210
0.0180
0.0160
0.0130
0.0099
0.0086
0.0120

Tior/ Tf

2270

2270

Run N
C, 4096
C3 4096
Cy 4096
Cs 4096
D 8192
D> 8192
D3 8192
E; 16384
E, 16384

Re

10 600
15900
21200
25400
31800
42400
63 500
90 800
159 000

kmax z\1

2.9
2.1
1.7
1.5
2.5
2.1
1.5
2.3
1.6

Ty

0.0075
0.0062
0.0054
0.0049
0.0044
0.0039
0.0031
0.0026
0.0020

Ttot/‘[f

1520
1520
1520
1520
9 x 287
9 x 287
9 x 287

Table 1. Relevant parameters of the simulation: Reynolds number, diffusive scale ¢, = v/ 48; Y 4, diffusive
time 1, = +/v/e,, total length of the Lyapunov simulations 77, (9 independent realisations of length 2877

for runs D). Common parameters for all simulations: forcing wavenumber kr = 3.5 and width Aky =0.5,
surface potential energy input e; =24, friction coefficient u = 1.0, characteristic time at the forcing scale

T = 8;]/ 363/ 3 0.51, maximum resolved wavenumber k,,x = N /3 (2/3 dealiasing rule).

4 N
1.0 il TPve ocReM
oy,
g
107 4 s&c\
o 0o o T T T =
0.5 * . 10° 10* 10°
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o (o]
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Figure 1. The SPE relative dissipation ¢, /¢ (filled circles) and VIE relative dissipation 7, /n; (open circles),
both as functions of Re. The inset shows 7, /n; as a function of Re on a log—log scale.

3.1. Statistics of the direct cascade

For large separations between the forcing and the dissipative scales, one expects that
almost all the SPE is transferred and dissipated at small scales, while VIE is dissipated
at large scales. This is the essence of the argument developed by Fjgrtoft for 2-D
turbulence (Fjgrtoft 1953) and verified by numerical simulations of 2-D NS double cascade
(Boffetta & Musacchio 2010). In the present case, using (2.5) and (2.6) and the scaling
relation 1y =~ ey this argument gives

v _ <M) E_" ~ Re 34, (3.1
M Nty =4/ by
where we have used (2.10) to express £,,/£ s as a function of Re.

Figure 1 shows the fraction of small-scale dissipation of the inviscid invariants as a
function of the Reynolds number of the flow in statistically stationary conditions. Indeed,
we find that the small-scale relative dissipation of VIE vanishes in the limit of large
Re following the prediction (3.1). On the contrary, since we do not resolve the inverse
cascade and ¢, ~ £y, there remains a constant large-scale SPE dissipation ¢, for large Re.
Therefore, the direct cascade transfers only a fraction of the total injected energy
equivalent to &, ~ 0.45¢; for Re > 10*.
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Figure 2. Normalised SPE direct cascade fluxes /7 (k) of all runs of table 1. The dashed line represents
&y/er =0.45.

klks

Figure 3. Time-averaged spectra E (k) for all simulations. Colour coding is the same as that of figure 2. Inset:
Ck as a function of the Reynolds number.

Stationary fluxes of SPE in Fourier space are presented in figure 2 for different Reynolds
numbers. At moderate Re <5 3000 the fluxes for k > ks decay quickly as a consequence of
the viscous dissipation. For large Re, however, a plateau of constant flux emerges at a
level corresponding to the viscous dissipation rate &,. We emphasise that SQG turbulence
exhibits large fluctuations in the flux of the direct cascade, as studied in detail in Valaddo
et al. (2024). These fluctuations arise from the interplay between the accumulation of
energy in large-scale structures and intense dissipative events triggered by the formation of
filamentary shocks that transfer energy from large to small scales over short time intervals.
Thus, very long integrations are necessary to observe the convergence to the constant flux
plateau of figure 2.

The time-averaged spectra E (k) of SPE are shown in figure 3 for all the runs in table 1.
All spectra exhibit power-law behaviour, E (k) kP, in an intermediate range of scales,
which becomes wider as Re increases. We observe that at moderate Re, when a scaling
range is already clearly observable, the scaling exponent 8 deviates significantly from
the dimensional prediction 5/3, a feature already reported by previous investigations at
comparable Reynolds numbers (Pierrehumbert et al. 1994; Ohkitani & Yamada 1997,
Sukhatme & Pierrehumbert 2002). Nonetheless, we find that when Re is sufficiently large,
Re > 10*, the scaling of the dimensional prediction (2.8) is closely recovered.

To quantify this important result, we measured the correction £ to the dimensional
scaling exponent by fitting the intermediate range of the spectra with

s k\F
Eg (k)= Cge23k=/3 <E) : (3.2)

1017 A38-6
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Figure 4. Scaling exponent correction £ to the SPE spectrum as a function of Re. Inset: E (k) compensated
with Ex (k) given by (3.2). The runs follow the same colour coding as in figure 2.

where & and Ck are the fitting parameters. In order to estimate the robustness of the
fit, we adopted the following procedure. For each run, we fit the data with (3.2) in a
range of wavenumbers k € [ko, k1] with varying ko € [3ky, Sk¢] and ki € [8ky, 10k ¢].
This produces a set of parameters £ and Ck for each run, from which we compute the
mean using twice the standard deviation as an estimation of the error.

In figure 4, we plot the dependence of & on Re, together with the spectra of figure 3
compensated with the expression (3.2). It is evident that, while for Re < 10*, the exponent
correction £ depends on Re (approximately as Re™3/%), for larger values of Re, the
correction decreases much faster and becomes smaller than 5 % for Re > 2 x 10*. In this
limit, we also observe the convergence of the dimensionless constant to Cx = 5.05 £ 0.11
(see figure 3).

We remark that this behaviour, which suggests the existence of a minimum Reynolds
number for the recovery of dimensional scaling, is very different from what was observed
in the direct cascade of 3-D NS turbulence, where Kolmogorov scaling is observed as soon
as the spectrum displays a power-law behaviour.

3.2. Predictability of the direct cascade

In this section, we investigate the predictability of the cascade by computing how two
solutions (x, t) and 0'(x, t) separate in time on average. We consider infinitesimally
close solutions so that the average separation rate is given by the maximal Lyapunov
exponent of the flow.

Starting from a solution 6 (x, ¢) of (2.1) in a statistically stationary state, we generate a
perturbed solution as 6'(x, 1) =0(x, t) + 2/ AW (x), where W (x) is a Gaussian random
white noise with zero mean and unit variance while A is a small parameter. The SPE error
E A is defined, for any time, as

EA(t) = 1(86(x, 1)%), (3.3)

where the difference field is 80 = (6’ — 6)/+/2 and the normalisation coefficient 1/+/2
ensures that E4 = E for two completely uncorrelated fields. At initial time, by definition,
we have E () = A. We measure the FTLE by computing the growth rate of the error

EA(I+‘L')>

1
Y () = 77 In < 3 (3.4

1017 A38-7
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and then by rescaling the perturbed field to the initial SPE error

6 <6 209 35
<——E(—). (3.5)

By repeating the steps (3.4) and (3.5) over many time intervals of the same length 7, we
obtain a distribution of the FTLE along the trajectory. The rescaling procedure (3.5) en-
sures the permanence of the perturbation in the exponential growth regime when A and t
are sufficiently small (Vulpiani, Cecconi & Cencini 2009).

From the definition (3.4) one can compute the FTLE for any time multiple of 7, T =nr,
simply by averaging

1 n
yr0)=—3 ye(t+ko) (3.6)
k=1

and the Lyapunov exponent is given by the average of the FTLE over a very long trajectory
(and becomes independent of the initial condition):
A= lim yr(). 3.7
T—o00

In general, the distribution of the FTLE around the Lyapunov exponent, for sufficiently
large T, follows the large deviation principle (Vulpiani et al. 2014) which states that

1
p(yr)=—-e 1€, (3.8)
Nt
where N7 is a normalising factor and C(yr) is the Cramér function, independent of T
which, in general, vanishes at y7 = A and is positive for yr # A (Boffetta et al. 2002). For
not too large fluctuations, the Cramér function can be approximated by a quadratic form:

(r —A°
R, 3.
Clyr) %5 (3.9
where 2, proportional to the variance of the distribution p(yr), is obtained from
Q= lim T{(yr —?),, (3.10)
T—o0

where the angle brackets represent the average over the distribution (3.8) while £2 is
expected to be independent of T in the limit of large 7.

We computed the FTLE for simulations at different Reynolds numbers corresponding
to runs By, By, Cp, C3, C4, Cs5, Dy, Dy and D3 of table 1. For all runs, we excluded
from the statistics the initial transient during which the perturbation aligns with the most
unstable direction of the system. For the three cases at the highest Reynolds numbers, we
compensated for the increased computational cost by averaging over nine independent,
shorter simulations run in parallel, each of which with different realisations of the forcing
f(x) and initial perturbation noise W(x). All rescaling times t were kept around the
Kolmogorov time scale of the simulation 7, more precisely, between t/7, € [0.5, 0.8]
depending on the run.

Figure 5 shows a representative realisation of the field 8 (x) along with its corresponding
perturbation field §6(x). The errors accumulate predominantly in filamentary zones
between coherent structures. These regions are dominated by small-scale structures
formed by energy transfer from larger scales (Pierrehumbert et al. 1994). Since such
structures appear intermittently in time, the convergence of the FTLE statistics requires
very long simulations, as discussed below.

1017 A38-8
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Figure 5. Fields (a) 6(x) and (b) §6 (x) of run D3. The colour code of (a) is based on 6(x)/ sup, |6 (x)|. The
colour code of (b) is based on a log scale (=1log; (|60 (x)|/ sup, |86 (x)|)) to facilitate visualisation.

o 103
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31072
S
s _
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qu

1072

Figure 6. Energy spectra E (k) (full lines) and error spectra E 4 (k) (dotted lines) for the different runs as
functions of k¢,,. The error spectra are computed from the difference field 50 before the rescaling (3.5) to the
initial error.

The distribution of the error field among scales, right before the rescaling, is shown in
figure 6 where we plot, together with the energy spectra E (k), the error spectra defined
in a similar way as E (k) = (|8é k)% /2. We observe that for all simulations, the error is
concentrated at small scales k£, >~ 0.1 close to the dissipative range. We remark that the
relative magnitude E(k)/E (k) is very small, ensuring that the perturbation remains in
the linear regime.

Figure 7 presents the FTLE for the different runs as a function of the average time 7.
We see that in all the cases, the average FTLE converges, after a long transient and for
T 2 2007y, to the asymptotic value, which represents the Lyapunov exponent of the flow.

From figure 7, it is evident that the Lyapunov exponent increases with the Reynolds
number. As discussed in §2, we expect that A follows the Ruelle scaling (2.11). The
latter relies on the spectrum having a Kolmogorov-like power-law behaviour. As shown in
figure 4, the scaling exponent 5/3 is recovered only for Re > 2 x 10*. Ruelle’s prediction
is therefore expected to hold only for large Re.

In figure 8, we plot the Lyapunov exponents of our simulations as functions of
Re. We find that A grows with Re faster than that predicted by (2.11) and the best fit
gives Aty >~ Re%7 or, equivalently, A, ~ Re®2. Remarkably, the scaling persists also at
Re < 10*, where the spectrum displays a significant correction to the Kolmogorov
exponent 5/3 (see figure 4).

In figure 8 we also plot the scaled variance §2 as a function of Re, which displays a
scaling law compatible with that of the Lyapunov exponent §27 ¢ >~ Re%7. This indicates

1017 A38-9
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Figure 7. Convergence of the FTLE as a function of the average time. Light to dark colours represent runs at
increasing Reynolds numbers: B;, B4, C2, C3, C4, Cs, D1, Dy and Ds.
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Figure 8. Reynolds scaling of the mean FTLE (yr) = 1. Non-dimensionalisation is made with (a) 7, and
®) 7.

that, in the range of Re investigated here, the ratio £2/4 is approximately constant
(0.24 £ 0.02) and that the central part of the Cramér function has a self-similar evolution
with Re.

A qualitatively similar behaviour has been observed for the Lyapunov exponent of
3-D turbulence (Boffetta & Musacchio 2017; Mohan et al. 2017; Berera & Ho 2018;
Ge, Rolland & Vassilicos 2023) with a correction to the dimensional scaling (2.11) slightly
smaller than in the present case, 1 oc Re%%*. We remark that the origin of this correction in
3-D turbulence is still unclear since it cannot be simply attributed to intermittency. Indeed,
the multifractal extension of the dimensional prediction (2.11) predicts, for 3-D turbulence,
an exponent smaller than 1/2 (Aurell et al. 1996).

In figure 9(a), we show the Cramér function C (y7) obtained from the distribution of the
FTLE (3.8) as C(yr) = —(1/T) log(p(yr)/p(A)) at different times T at Re = 21 200 (run
C4). We notice that the convergence towards the asymptotic behaviour of the left tail (yr <
A) is much faster than that of the right tail (yr > ). At T 2 2/4, the left tail is already
converged, while the right tail achieves convergence only for T 2 7/A. Figure 9(b) shows
the comparison of the asymptotic behaviour of the Cramér functions C (yr) computed at
T A =71 for different Re in the range [10 600, 63 500].

Since A and 2 scale with Re with the same exponent, we rescale both y7 and C(y7)
by A which, according to the quadratic approximation (3.9), predicts the collapse to the
function (x — 1)2/(282/2).

Figure 9 shows that the quadratic approximation (3.9) with £2/4 = 0.24 describes well
the core of C(yr) (for y =~ 1), while we observe significant deviations for y7 > A.
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Figure 9. (@) Cramér function for run C4 and different times. () Cramér function for different Re at fixed
T A=1. The dashed line represents the quadratic form (x — 1)2 /(282/2) with £2/1=0.24.

This means that the situations in which the dynamics of the system is strongly unpre-
dictable (i.e. with y7 >> 1) are more frequent than what is expected by Gaussian statistics.
Nonetheless, it is remarkable that the probability of these extreme deviations seems to be
independent of the Reynolds numbers, as shown by the collapse of the right tail of C(yr)
for different Re.

4. Conclusions

In this study, we investigated the statistical properties and predictability of turbulence in
SQG model using high-resolution direct numerical simulations across a wide range of
Reynolds numbers. Our analysis focused on two central aspects: the scaling behaviour of
the energy spectrum in the direct cascade of SPE and the chaotic dynamics characterised
by FTLEs.

Our results indicate that, for Re >2 x 10*, the energy spectrum approaches the
Kolmogorov-like scaling E (k) oc k—>/. This observation, together with the convergence in
Reynolds of the prefactor Ck, suggests that SQG turbulence exhibits a well-defined iner-
tial range — similar to that of 3-D NS turbulence — but it does so only at very large Reynolds
numbers. This regime was not observed by earlier studies at moderate Reynolds numbers.

In terms of predictability, we showed that the Lyapunov exponent scales anomalously
with the Reynolds number as 1 o« Re®”, exceeding the dimensional prediction A o< Re'/?.
The presence of an anomalous scaling is reminiscent of similar behaviour observed in
3-D NS turbulence (Boffetta & Musacchio 2017; Mohan et al. 2017; Berera & Ho 2018;
Ge et al. 2023). In particular, it has been observed that 4 Re0-04 (Boffetta & Musacchio
2017). This is in contrast with the scaling of the Lyapunov exponent of Lagrangian
trajectories Az, which has been found to be in agreement with the Ruelle dimensional
prediction Ay « 1, (Bec et al. 2006) up to minor corrections which can be estimated from
multifractal arguments.

The difference between Eulerian and Lagrangian predictability in NS turbulence can be
ascribed to the fact that the Lagrangian Lyapunov exponent is determined by the viscous
time scale 7,,, while the Eulerian predictability can be influenced also by the sweeping time
scale g =¥, /U, where U is the root-mean-square velocity (Ge et al. 2023). Considering
that tg <« 7, and that 7, /7t =~ Rel/* the dependence of A on Re can be rewritten as a
combination of two time scales:

A=1'Ref =T % (4.1)

1017 A38-11


https://doi.org/10.1017/jfm.2025.10494

https://doi.org/10.1017/jfm.2025.10494 Published online by Cambridge University Press

V.J. Valaddo, F. De Lillo, S. Musacchio and G. Boffetta

The Ruelle scaling is recovered for & =0, while for £ =1/4 the predictability is
determined by the sweeping time. Our results in SQG give £5¢6 = 0.2 which is larger
than the value observed in 3-D NS, £V5 = 0.14, suggesting that the sweeping effect has a
stronger influence on the Eulerian predictability in SQG than in NS.

It is worth noting that the dimensional arguments discussed above do not consider the
effects of intermittency corrections. It would be interesting to develop a multifractal-like
approach for the direct cascade of SQG to check how the observed intermittency (Valade
et al. 2025) affects the dimensional scaling of the Lyapunov exponent.

Beyond the average growth rate of infinitesimal perturbations, we investigated the
statistical properties of FTLEs. Notably, both the variance and the shape of the
associated Cramér function exhibit self-similar behaviour across Reynolds numbers
when appropriately rescaled. The ratio £2/4 remains approximately constant across Re,
indicating a form of universality in the core of the FTLE distribution.

Although we have studied the predictability problem from the point of view of
the exponential growth of infinitesimal perturbations, it would be very interesting to
investigate in detail the complementary regime of large errors and the statistics of finite-
size Lyapunov exponents (Boffetta & Musacchio 2017). Recent results have been obtained
in the case of a decaying SPE cascade in SQG (Valade et al. 2024), where the authors
were able to connect the hyperdiffusive behaviour of Lagrangian fluid parcels with the
anomalous diffusion of the system.

Acknowledgements. We acknowledge HPC CINECA for computing resources within the INFN-CINECA
Grants INFN24-FieldTurb and INFN25-FieldTurb.

Funding. This work was supported by Italian Research Center on High Performance Computing Big Data and
Quantum Computing (ICSC), project funded by European Union - NextGenerationEU - and National Recovery
and Resilience Plan (NRRP) — Mission 4 Component 2 within the activities of Spoke 3 (Astrophysics and
Cosmos Observations).

Declaration of interests. The authors report no conflict of interest.
Data availability statement. The data that support the findings of this study are available upon request.

Author contributions. V.J.V. performed the simulations and analysed the data. All authors contributed
equally in the discussions to reach conclusions and in writing the paper.

REFERENCES

AURELL, E., BOFFETTA, G., CRISANTI, A., PALADIN, G. & VULPIANI, A. 1996 Growth of noninfinitesimal
perturbations in turbulence. Phys. Rev. Lett. 77 (7), 1262.

BEC, J., BIFERALE, L., BOFFETTA, G., CENCINI, M., MUSACCHIO, S. & ToscHI, F. 2006 Lyapunov
exponents of heavy particles in turbulence. Phys. Fluids 18 (9), 091702.

BERERA, A. & HO, R.D.J.G. 2018 Chaotic properties of a turbulent isotropic fluid. Phys. Rev. Lett. 120 (2),
024101.

BLUMEN, W. 1978 Uniform potential vorticity flow: part I. Theory of wave interactions and two-dimensional
turbulence. J. Atmos. Sci. 35 (5), 774-783.

BOFFETTA, G., CELANI, A., CRISANTI, A. & VULPIANI, A. 1997 Predictability in two-dimensional decaying
turbulence. Phys. Fluids 9 (3), 724-734.

BOFFETTA, G., CENCINI, M., FALCIONI, M. & VULPIANI, A. 2002 Predictability: a way to characterize
complexity. Phys. Rep. 356 (6), 367-474.

BOFFETTA, G. & MUSACCHIO, S. 2010 Evidence for the double cascade scenario in two-dimensional
turbulence. Phys. Rev. E 82 (1), 016307.

BOFFETTA, G. & MUSACCHIO, S. 2017 Chaos and predictability of homogeneous-isotropic turbulence.
Phys. Rev. Lett. 119 (5), 054102.

BURGESS, B.H., ScoTT, R.K. & SHEPHERD, T.G. 2015 Kraichnan-Leith—Batchelor similarity theory and
two-dimensional inverse cascades. J. Fluid Mech. 767, 467-496.

1017 A38-12


https://doi.org/10.1017/jfm.2025.10494

https://doi.org/10.1017/jfm.2025.10494 Published online by Cambridge University Press

Journal of Fluid Mechanics

CELANI, A., CENCINI, M., MAZZINO, A. & VERGASSOLA, M. 2004 Active and passive fields face to face.
New J. Phys. 6 (1), 72.

DEISSLER, R.G. 1986 Is Navier—Stokes turbulence chaotic? Phys. Fluids 29 (5), 1453-1457.

FIgRTOFT, R. 1953 On the changes in the spectral distribution of kinetic energy for two-dimensional,
nondivergent flow. Tellus 5 (3), 225-230.

FriscH, U. 1995 Turbulence: the Legacy of A.N Kolmogorov. Cambridge University Press.

GARRATT, J.R. 1994 The atmospheric boundary layer. Earth-Sci. Rev. 37 (1-2), 89-134.

GE, J., ROLLAND, J. & VASSILICOS, J.C. 2023 The production of uncertainty in three-dimensional Navier—
Stokes turbulence. J. Fluid Mech. 977, A17.

JUCKES, M. 1994 Quasigeostrophic dynamics of the tropopause. J. Atmos. Sci. 51 (19), 2756-2768.

LAPEYRE, G. 2017 Surface quasi-geostrophy. Fluids 2 (1), 7.

LAPEYRE, G. & KLEIN, P. 2006 Dynamics of the upper oceanic layers in terms of surface quasigeostrophy
theory. J. Phys. Oceanogr. 36 (2), 165-176.

LEITH, C.E. 1971 Atmospheric predictability and two-dimensional turbulence. J. Afmos. Sci. 28 (2), 145-161.

LEITH, C.E. & KRAICHNAN, R.H. 1972 Predictability of turbulent flows. J. Atmos. Sci. 29 (6), 1041-1058.

LORENZ, E.N. 1963 Deterministic nonperiodic flow. J. Atmos. Sci. 20 (2), 130-148.

LORENZ, E.N. 1969 The predictability of a flow which possesses many scales of motion. 7ellus 21 (3),
289-307.

MOHAN, P., FITZSIMMONS, N. & MOSER, R.D. 2017 Scaling of Lyapunov exponents in homogeneous
isotropic turbulence. Phys. Rev. Fluids 2 (11), 114606.

OHKITANI, K. & YAMADA, M. 1997 Inviscid and inviscid-limit behavior of a surface quasigeostrophic flow.
Phys. Fluids 9 (4), 876-882.

PALMER, T. 2024 The real butterfly effect and maggoty apples. Phys. Today 77 (5), 30-35.

PIERREHUMBERT, R.T., HELD, I.M. & SWANSON, K.L. 1994 Spectra of local and nonlocal two-dimensional
turbulence. Chaos, Solitons Fractals 4 (6), 1111-1116.

ROTUNNO, R. & SNYDER, C. 2008 A generalization of lorenz’s model for the predictability of flows with
many scales of motion. J. Atmos. Sci. 65 (3), 1063-1076.

RUELLE, D. 1979 Microscopic fluctuations and turbulence. Phys. Lett. A 72 (2), 81-82.

SIEGELMAN, L., er al. 2022 Moist convection drives an upscale energy transfer at Jovian high latitudes.
Nat. Phys. 18 (3), 357-361.

SMITH, K.S., BOCCALETTI, G., HENNING, C.C., MARINOV, 1., TAM, C.Y., HELD, I.M. & VALLIS, G.K.
2002 Turbulent diffusion in the geostrophic inverse cascade. J. Fluid Mech. 469, 13—48.

SUKHATME, J. & PIERREHUMBERT, R.T. 2002 Surface quasigeostrophic turbulence: the study of an active
scalar. Chaos 12 (2), 439-450.

VALADAO, V.J., BOFFETTA, G., DE LILLO, F., MUSACCHIO, S. & CRIALESI-ESPOSITO, M. 2025 Spectrum
correction in Ekman—Navier—Stokes turbulence. J. Turbul. 26, 143-152.

VALADAO, V.J., CECCOTTI, T., BOFFETTA, G. & MUSACCHIO, S. 2024 Nonequilibrium fluctuations of the
direct cascade in surface quasi-geostrophic turbulence. Phys. Rev. Fluids 9 (9), 094601.

VALADE, N., BEC, J. & THALABARD, S. 2025 Surface quasigeostrophic turbulence: the refined study of an
active scalar, arXiv preprint arXiv: 2503.16294.

VALADE, N., THALABARD, S. & BEC, J. 2024 Anomalous dissipation and spontaneous stochasticity in
deterministic surface quasi-geostrophic flow. Annales Henri Poincaré 25, 1261-1283.

VALLIS, G.K. 2017 Atmospheric and Oceanic Fluid Dynamics. Cambridge University Press.

VULPIANI, A., CECCONI, F. & CENCINI, M. 2009 Chaos: From Simple Models To Complex Systems, vol. 17.
World Scientific.

VULPIANI, A., CECCONI, F., CENCINI, M., PUGLISI, A. & VERGNI, D. 2014 Large deviations in physics. In
The Legacy of the Law of Large Numbers. Springer.

1017 A38-13


https://arxiv.org/abs/2503.16294
https://doi.org/10.1017/jfm.2025.10494

	1. Introduction
	2. The surface quasi-geostrophic model
	3. Numerical simulations and results
	3.1. Statistics of the direct cascade
	3.2. Predictability of the direct cascade

	4. Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


