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Abstract. Numerical studies of small-scale forced, two- efficientCz in the —5 spectral law appears to be invariant,
dimensional turbulent flows on the surface of a rotating Cz~0.5, in a variety of simulated and natural flows.

sphere have revealed strong large-scale anisotropization that This paper provides a brief review of the zonostrophic
culminates in the emergence of quasi-steady sets of alternategime. The review includes the discussion of the physical
ing zonal jets, or zonation. The kinetic energy spectrum ofnature, basic mechanisms, scaling laws and universality of
such flows also becomes strongly anisotropic. For the zonathis regime. A parameter range conducive to its establish-
modes, a steep spectral distributidin)=Cz(2/R)?n =2, ment is identified, and collation of laboratory and naturally
is established, wher€z=0(1) is a non-dimensional coef- occurring flows is presented through which the zonostrophic
ficient, © is the angular velocity, and& is the radius of the regime manifests itself in the real world.

sphere, respectively. For other, non-zonal modes, the clas-
sical, Kolmogorov-BatcheIor-Kraichnan,%’ spectral law is
preserved. This flow regime, referred to as a zonostrophic
regime, appears to have wide applicability to Iarge—scale1

planetary and terrestrial circulations as long as those are cha{:—)I ; tation. t hical traint d other f
acterized by strong rotation, vertically stable stratification anetary rotation, topographical constraints and other fac-

and small Burger numbers. The well-known manifestations©S Iead to qua3|-two-dw_nenspnahzaﬂon of the atmospheric,
ceanic and planetary circulations on large scales. On even

of this regime are the banded disks of the outer planets of ou . ) -
Solar System. Relatively less known examples are system rger scales, the circulations are affected by the latitudinal
of narrow, subsurface, alternating zonal jets throughout all‘aiation of the Coriolis parameter, the “planetary” vorticity

major oceans discovered in state-of-the-art, eddy-permittin hr adler:t or so—calleﬁ—effect‘. Th;‘S. ehffect can be ]f:zarlptureﬁ n
simulations of the general oceanic circulation. Furthermore, elzﬂ-pfane_appr?X|m§Eon in which ell plortlorl\ oft fgzp er-
laboratory experiments recently conducted using the Coriolisc"l;l sur gcel|s rﬁp acif y_aftalr|19ent|a plk edc(_osk_y | 7)
turntable have basically confirmed that the lateral gradient of,o‘ ternatl_ve y, thep-effect is fully represente n Simu _atlons
“olanetary vorticity” (emulated via the topographgeeffect) in spherical geometry. In the folloyvmg, we shall not dlffer_en—
is the primary cause of the zonation and that the latter is entiat® between th@-plane and entire sphere representations;
twined with the development of the strongly anisotropic ki- in both cases, we shall refer to the flows as two-dimensional
netic energy spectrum that tends to attain the same zonal arf@’D) turbulence with g-effect. _ _
non-zonal distributions;-5 and —3, respectively, in both The p-effect breaks the horizontal isotropy of the flow
the slope and the magnitude, as the corresponding spectrfé?ld anq faqlltatg; its _self—orgamzatlon in the zonal (_east—
in other environmental conditions. The non-dimensional co-W_eSt) d'|rect|on giving rise to t_he emergence of quasi-one-
dimensional structures - zonal jeRHhines 1975. The basic

physics of quasi-2-D turbulence withgaeffect is described
Correspondence td3. Galperin by the 2-D vorticity equation specified either orggplane
(bgalperin@marine.usf.edu) or on the entire surface of a rotating sphere. Although both
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84 Anisotropicg-Plane Turbulence and Zonal Jets

formulations are idealizations of the real-world situations,and where Cx is the Kolmogorov-Kraichnan constant,
they allow one to concentrate attention on various features o€ x ~6. The g-effect-induced anisotropy becomes increas-
anisotropic turbulence and its interaction with Rossby wavesingly profound for decreasing wave-number modes which
In addition, important flow characteristics, such as spatialare dominated by Rossby waves whose period is given by
and temporal scales and the energy spectra, can be distilled

and quantified. These characteristics can be used as obseryz,, — =
able and predictable parameters when the results of the ideal- Bk
ized theory are validated against natural flows and utilized forEquatingr, andzzyw, one can find a transitional wave num-

interpretation of the processes that are taking place in thesge senarating regions in which either isotropic turbulence or

kZ

(4)

ﬂOWS_' . . . Rossby waves are the dominant processes,
This paper summarizes recent progress achieved in theo-
retical and numerical studies of quasi-2-D turbulence withk, (¢) = kg cos/®¢, ks = (83/€)Y/5, (5)

a p-effect and provides account of the real-world flows that _

can be described and quantified within this theory. The mateWhere¢=arctark, / k). The contouk; (¢) has been coined
rial presented here complements an extensive recent review'® dumb-bell shape” byallis and Maltrud(1993 or “lazy

by Vasavada and Showmd8009. The next section is a & Py Holloway (1984. While the g-effect and ensuing
review which surveys results of computer simulations andfloW anisotropy are relatively weak for the modesky, the
elaborates the physical processes that govern the tendency f80des inside the dumb-bell are strongly anisotropic. Note
one-dimensionalization under the action of theffect. The  thatfor stationary, the transitional wave numbets(¢) and
three sections that follow up bring together manifestations of<# are also stationary even if the flow itself is not in a steady
this strongly anisotropic flow regime in the natural environ- State- , o

ment that ranges from the large turntable in the laboratory, 'tiSWell-known thatwithout kinetic energy removal at the
Sect .4, to the outer planets of the Solar System, S&cand arge-scales, Eq1] does not possess a steady-state solution

to the terrestrial oceans, Seét. Finally, Sect.7 provides ~ P€cause, due to the upscale cascade, energy propagates to
some conclusions. ever smaller wave number modes. To attain a steady state, an

energy withdrawal mechanism in a form of the large-scale
drag must be introduced. In that case, important questions
2 Computer simulations ong-plane and on the surface  arise about the impact of this drag upon the flow field. Due

of a rotating sphere to the complexity of these issues, unsteady and steady state
) simulations, i.e., simulations without and with the large-scale
2.1 Basics drag included, will be discussed separately.

The equation that describes small-scale forced, anisotropie 2  Unsteady simulations with small-scale forcing
2-D turbulence on thg-plane is

-2 Simulations of 2-D turbulence in the energy range with no
¢ 9(V72,¢) d /1, ) yra
=4+ ——— 4+ — (V g) =1,V + &, (1) large-scale drag lead to energy accumulation in the lowest
01 9(x, y) dx available modesSmith and Yakhqt1993 1994. How-
where¢ is the fluid vorticity, v, is the molecular viscosity, ever, such simulations can be useful in studies of transient
andg is the forcing;x andy are directed eastward and north- flows prior to the energy condensation at the large-scale
ward, respectively. The constafiis the background vortic-  modes. IndeedSmith and Yakho{1993 showed that non-
Ity gradient describing the latitudinal variation of the normal rotating, small-scale forced 2-D turbulence is governed by
component of the Coriolis parametei= fo+By, where fo  KBK statistics until the energy reaches the lowest modes.
is the reference value of the Coriolis parameter. The forc-Similar simulations on g-plane and on the surface of a
ing &, concentrated around some high wave nuniesup-  rotating sphere were conducted Byekhlov et al.(1996);
plies energy to the system with the constant kat@nd is  Smith and Waleffe(1999 and Huang et al.(200J), re-
assumed random, with zero-mean, Gaussian and white nOi%ectiveW_ In both Settings, the energy spectrum becomes

in time. The relatively high wave-number modes are nearlystrongly anisotropic. In the spherical geometry, the total ki-
isotropic and can be described by the classical Kolmogorovnetic energy spectrum is defined as

Batchelor-Kraichnan (KBK) theory of 2-D turbulence. For

those modes, a conventional eddy turnover time scale can b _nn+1 < m2

introduced, En) = aR? m;n(llﬂn 1), (6)
-1/2

T = [k3E(k)] , (2) wherey" is the coefficient with the spherical harmoniGg

in the stream function decomposition, amdandm are the
total and zonal wave numbers, respectively; the brackets in-
E(k) = Cxe?3k53, (3) dicate an ensemble or time avera@®ér, 1983 Boer and

whereE (k) is the KBK energy spectrum,
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Anisotropicg-Plane Turbulence and Zonal Jets 85

Shepherd1983. Numerical simulations byHuang et al. when 8:£0. In other words, &-effect increases the ener-
(2007 and Sukoriansky et al(2002) indicate that the spec- getic capacity of the zonal modes, and this tendency becomes
trum (6) can be represented as a sum of the zonal and residuahore pronounced with decreasing (Chekhlov et al.1996
spectra,E(n)=Ez(n)+Egr(n), whereEz(n) correspondsto  Huang et al.2001). The notion of increased energetic ca-
the addend witlm=0, and where pacity helps to clarify that the slowing down of the spectral
9 5 evolution means not theomplete arresbf the inverse en-
Ez(n) =Cz(Q/R)n>, Cz ~0.5, (7) ergy cascade, as is sometimes promulgated in the literature,
Egr(n) = Cxe?®n=>3, Ccx ~ 4t06 (8)  but adeceleratiorof the energy front propagation because it
. . takes an increasingly longer time to saturate zonal modes to
Here, <2 andR are the angular velocity and the r_ad_|us of the their energy levels specified by EQ) @t the same rate of the
sphere.. On theg-plane, the spectrum ha32 alssmllar struc- energy injectiore. As a consequence, numerical simulations
ture, with the steep zonal slopBz (k)=Czp°k,> Cz=0.3 3% hiane or on the surface of a rotating sphere require
to 0.5, and KBK-like residualE g (k)=Cxe?*k*3, Ck>~  mych longer integration time than similar simulations with
4 to 6. Note that2/R replacesg in sphericgl geometry, and  no rotation; this tendency is reflected in the law” (12).
the spherical analogue @f; is ng=[(%2/R)*/€]"/® (Huang For convenience, we shall refer to the multiple-jet flow
etal, 2001 Sukoriansky etal2003. regime with the spectral scaling’,8) as “zonostrophic”,
Cons!dgr now energy evo.lutlon (unimpeded by the Iarge—from the Greek words wvn — band, belt andspogn —
S(_:ale friction) in systems with the zonal spectrur), (8). turn, thus describing the zonation in a rotating environment.
Since on the large scales, the zonal energy becomes MUGH, o cigate the physical nature of the zonostrophic flows,

larger than its non-zonal counterpart, the computation of thethe following three major issues need to be addressed:
total energy, Et(t), can be based upon the zonal energy

spectrum only, (1) the mechanism of the anisotropic energy flux into the

U2(r) & o\ , modesk, —O0;
Etor(1) = 2 = Z Ez(n) (E) M (1), ) (2) the mechanism that allows the zonal modes to retain this
tm energy:;

whereU (1) is the rms of the zonal velocity, ang, (r) rep-  (3) the factor that limits the energy absorption by the zonal
resents the location of the “moving energy front” in spectral modes.

domain. In other wordss,, is the time-dependent mode that

contains the maximum energy. Using Ef), (2,, can be ex-

pressed as 2.3 The anisotropic inverse energy cascade
(Q/R)]? 12 - . o
Ny () U0 =[B/U®]"*, (10) The first issue, the anisotropization of the energy cascade,

has been widely discussed in the literaturelasselmann
thus, n,, (¢t) is in the same form as Rhines’s wave number (1967 demonstrated that the highest frequency wave in ares-
(Rhines 19759. Here, for unsteady flows, EqL@) identifies ~ onant triad is unstable with respect to the increasing energy
Rhines’s wave number with the “moving energy front.” It of the other two waves. This facilitates energy transfer to low
is important to emphasize this result because Rhines’s wavéequency waves. LateRhines(1979 extended this result
number is often confused withg even in unsteady flows by making the key argument that due to the dispersion rela-

whereng is stationary whilez,, is time dependent. tion (4), simultaneous energy transfer to small wavenumbers
Combining Eq. 9) with the linear trendE(t)=¢z, one  and low frequencies is only possible when the energy flux is
obtains anisotropic and directed towards the zonal modes. This issue
> 4 has received further attention in the paperd.bgras(1980;
Ewot(t) = €t o fn,," (1), (11)  Basdevant et a(1981); Chekhlov et al(1996; Huang and
N (1) o (etB~2) "4 o 1714, (12)  Robinson(1998; Huang et al.(2001) and others. A new

o _ _ ~ view of flow zonation has been presented recentlyBlayk
A similar estimate of the “moving energy front” for classical (2005. Exploring a new invariant for inviscid 2-D flows with
KBK turbulence with no rotation yields the Richardson law Rossby wavesgalk, 1991), he has shown that the transfer of

(Lesieur 1997, energy from small to large scales is such that most of the
_ _ energy is directed to the structures with>+x/2, i.e., the
iy (1) o< (1) /% 792, (13) zona?}/ets. " /

Comparing the evolution law4 ®) and (3), one concludes The anisotropization of the inverse energy cascade has
that ag-effect slows down the up-scale march of the energybeen demonstrated directly using the results of direct numer-
front which is the direct result of the steepening of the zonalical simulation (DNS) of thg-plane turbulence b@hekhlov
spectrum since low zonal modes can absorb more energgt al.(1996. They considered the enstrophy transfer function

www.nonlin-processes-geophys.net/13/83/2006/ Nonlin. Processes Geophys. 983 2886
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Case 3, DNS

T(klke)/max ( [T(klko))

Fig. 1. Normalized  spectral energy transfer,
T g (Klke)/maxTE (klke)|, for ke=50.

Anisotropicg-Plane Turbulence and Zonal Jets

energy transfer to zonal modés—0 and the rest of the
modes. One can see that most of the energy flux is directed
towards the zonal modes; a trend that dramatically increases
ask decreases. The energy concentration in zonal modes,
or zonation, results in increasing anisotropization of the flow
field which, however, never attains a fully degenerated one-
dimensional state. Weakdependency is necessary to main-
tain nontrivial nonlinearity that sustains the anisotropic trans-
fer. In addition, non-zonal modes continue to adhere to the
KBK spectrum.

As discussed iHuang et al(2001), in the process of zona-
tion the energy flux is funneled, through the narrow wedge
between the dumbbell shap®) énd the zonal axis, into flow
configurations withk,—0. The nonlinear interactions that
lead to the formation of zonal jets could be spectrally non-
local. The large-scale wave modes enclosed inside the dumb-
bell shape do not play a significant role in maintaining the
zonal jets. The latter two points have also been emphasized
in the analysis byHuang and Robinsof1998.

Note that the spectrung®> is somewhat counter-
intuitive because thg-term vanishes in Eqlj for k,— 0,
Rossby waves do not propagate in this direction, and scaling
with 8 would not be anticipated from considerations of the
linear dynamics. On the other hand, fQr£0 andk <k, the
flow would be expected to be dominated by Rosshy waves for
which 8 is a natural scaling parameter. However, the spec-
trum in the non-zonal directions remains KBK-like and, thus,

Ta(k, t) in Fourier space as derived from the enstrophy evo-scales withe rather thang. This peculiar behavior stems

lution equation,
[% + 2v0k2} Qk, 1) = Tak, 1), (14)

whereQ (k, r) is the vorticity correlation function. The spec-
tral enstrophy transfer is given by
dpdq
+o=k (27T)2
pXxq

X ——(¢(p. 5@, D¢ (=K, D) ¢, (15)
p

TaKk, 1) = 2nkN {/
p

from strong nonlinearity and anisotropy of the vorticity equa-
tion (1).

2.4 The mechanism of the energy retention in zonal jets

The second and the third issues above will be touched upon
briefly; more general discussions can be foundirang et al.
(2001) and inGalperin and Sukoriansk§2005. Analyzing

the evolution of the zonally-averaged zonal velodityy, 1)

one finds that initially, the zonal jets are nearly symmetric
with respect to the reflectiop— —y. However, as time pro-
gresses, the jets develop strong asymmetry; eastward jets are

where %t denotes the real part. To compute the spectralsharp and narrow while westward jets are smooth and wide,

energy flux, we introduce a cutoff wavenumbegrand re-
fer to the modes <k, as explicit and the modes>k. as

in accordance with other simulation¥a(lis and Maltrud
1993 Manfroi and Young 1999. In plane parallel invis-

implicit. Note that the energy source resides in the im-cid flows with =0, the linear stability is controlled by the

plicit modes. Using the DNS dat&hekhlov et al.(1996

Rayleigh criterion that requires the profil&(y) to have no

have calculated th&-dependent spectral energy transfer, inflection points. Wherg#0, this criterion is generalized

Te (Klk)=Tq(k|ke)/ k2, from all implicit modes to a given
explicit modek. Following the ideas oKraichnan(1976),
the integral in Eq. 15) is evaluated by extending the inte-
gration only over all such triangle&, p, q) that p and/or

g are greater thak.. Figurel shows7g (k|k.) for the sim-
ulation DNS3 byChekhlov et al(1996 with an arbitrarily
set value ofk,=50 (<kg) (the hole in the middle of the

into the Rayleigh—Kuo criterion according to which, in lin-
early stable flows, the profil&/ (y, r)—B y?/2 should have

no inflection points. Indeed, the examination of the second
derivativeU,, (y, t) in simulations byChekhlov et al(1999
demonstrates that the Rayleigh—Kuo criterion does hold, as
it did elsewhere \allis and Maltrud 1993. As long as the
effect of the large scale drag remains small, excitation of pro-

Fig. 1 indicates that the energy front had not yet reachedgressively smaller wavenumber modes leads to a diminishing
those wave numbers). There is a striking difference betweemumber of jets, in agreement with other simulatioRarfetta

Nonlin. Processes Geophys., 13, 882006
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Anisotropicg-Plane Turbulence and Zonal Jets 87

1993. The extended Rayleigh—Kuo stability criterion can set of the most intrinsic parameters, i.e., a universal regime.
be identified as the primary mechanism that enables zonarhis regime can be identified as zonostrophic. It is clear that
modes to retain the energy funneled there by the anisotropia universal regime is an idealization which, nevertheless, is
energy transfer. useful for understanding and quantification of the basic dy-
namics of the system under consideration. A dimensional
2.5 The upper limit of the energetic capacity of zonal analysis of a zonostrophic system was presenteslikori-
modes ansky et al(2002. To further elaborate the universality of
the zonostrophic regime, the following basic issues need to
To address the third issue above, one needs to consider tridsk addressed:
interactions in the integral in Eql1®). Interactions be- (i) the sensitivity of the steady state to the functional repre-
tween the modes enclosed inside the dumb-bell stE)meé sentation of the large-scale friction;

hampered by the necessity to satisfy the resonance condiii) the sensitivity of the steady state to the parameterization
tion wp+wq+w—_k=0 in addition to the triad selection con- of the small-scale dissipation:;

dition p+q—k=0 (Holloway and Hendershqtt977). Using jij) the sensitivity of the steady state to the representation of
a spectral closure theoryjuang et al(200]) have shown  the small-scale forcing.
that when the zonal spectrum reacheskheslope, the res-
onance condition is relaxed and direct interactions between 7 The large-scale friction parameterization
the wave modes inside the dumb-bell shape and the zonal
modes become possible. This would facilitate direct energywith regard to issue (i), recall that the large-scale friction pa-
exchange between Rossby waves and zonal flows. In thigameterization has a strong effect on the flow field even in
sense, the zonostrophic regime is unique and constitutes afon-rotating 2-D turbulenceBorue (1994 conducted long-
attractive and stable manifold for 2-D turbulence with  term simulations of 2-D turbulence in the energy range; he
effect. For the same reason, EQ) €an be referred to as employed drag representation based upon a high-power in-
an equilibrium, or saturation spectrum. The presenggiof  verse Laplacian, or hypofriction. During the initial evolution,
that spectrum can be understood as a result of strongly nora KBK regime was established. However, as time elapsed,
linear and anisotropic interaction between Rossby waves anthe KBK spectrum became distorted and eventually disap-
zonal flows. peared.Borue (1994 concluded that the KBK regime is ir-
The three aforementioned mechanisms are basic compaeproducible in long-term simulations due to intrinsic insta-
nents of the zonostrophic regime; they are characteristic obilities. The reproducibility of the KBK regime was care-
both time-dependent and steady-state flows. The latter, howfully re-evaluated bySukoriansky et a{1999 who revealed
ever, include one more non-trivial element, a large-scalethat the culprit of the problem was the hypofriction that, by
drag, which may have a significant impact upon the flow suppressing the energy of low wave-number modes, distorts
field. These flows are also more pertinent for real-world sit-the inverse energy cascade and causes gradual energy accu-

uations and will be considered next. mulation in the unsuppressed modes. As a result, the entire
flow field undergoes restructuring and eventually grows away
2.6 Steady-state simulations from the KBK regime Sukoriansky et al1999 2002 Suko-

riansky and Galperir2009. Sukoriansky et al(1999 have
When large-scale drag is present, the balance between thgerived a large-scale drag parameterization that did not dis-
small-scale energy injection and large-scale energy with+tort the inverse cascade. Employing this parameterization,
drawal makes a steady-state solution possible. However, ththey were able to maintain the KBK regime practically in-
physical nature of this solution remains controversial. While definitely, thus positively asserting its reproducibility. The
Galperin et al(2001); Sukoriansky et al2002 andGalperin  functional representation of the large-scale friction derived
and Sukoriansky2009 have found that in a certain range of by Sukoriansky et al(1999 turned out to be close to the
parameters, the steady-state solution develops universal fetinear (Rayleigh) drag. Similar calculations have not been
tures,Danilov and Gurari¢2004 andDanilov and Gryanik  performed for 2-D turbulence with g-effect, so it will be
(2004 arrived at an opposite conclusion. The issue of theassumed here that, in the first approximation, the large-scale
universality of the zonostrophic regime requires some clarifi-friction can be represented by the linear drag also in this case.
cation. The governing equatioh)(represents a strongly non-
linear, anisotropic system with waves whose complicated be2.8 The small-scale dissipation and the enstrophy range
havior is affected by the details of the forcing, boundary con-
ditions, large-scale drag parameterization, etc. It is hopedThe importance of the issue (ii) in simulations of 2-D tur-
however, that, similarly to the classical Kolmogorov regime bulence with an inverse energy cascade is underscored by
in three-dimensional (3-D) turbulence or KBK regime in 2- the fact that small-scale vortices of the size of the forcing
D turbulence with no rotation, 2-D turbulence witlgeeffect ~ scale may impinge upon the energy range and cause devia-
also possesses a regime that can be described by a small sutpns from the KBK regimelaltrud and Vallis 1991). Itis

www.nonlin-processes-geophys.net/13/83/2006/ Nonlin. Processes Geophys. 983 2886
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(red) dots mark simulations in which the zonostrophic regime with
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the pertinent results. Recall that the steep zonal spectrum re-
sults in a very slow evolution of the flow field; a fact already
noticed in unsteady simulations.dfs the characteristic time
scale of the (linear) large-scale drag, then the establishment
of a steady state has a duration of about,1@hile to as-
semble sufficient statistics for spectral analysis, one needs to
extend the integration to about I00Galperin and Sukorian-
sky, 2005. All simulations performed in our new study had
a duration between 35and 10@. The friction time scaler,
can be related to a large-scale friction wave numhbegy, if
we notice that a typical zonal spectrum in steady-state sim-
ulations features a steep inertial range and a relatively flat
plateau at the smallest wave numbers affected by the large-
scale friction. The wave numbery,, can be identified with
the transition from the steep spectral slope to the plateau and
quantified in terms of (Galperin et al.200%, Sukoriansky
etal, 2002. In some cases,, can be associated either with
the wave-number at which (n) attains its maximum value
or with njet, the number of the alternating jets.

Our simulations have revealed that the parametric range

C,~0.5 had been established; the unfilled triangles and stars shoi@dmitting a steady-state zonostrophic regime with~0.5

simulations lacking the universal regime. The large right triangle

is restricted by the following conditions:

formed by the dashed lines delineates the parameter range corfl) the forcingé acts on relatively small scales only weakly

ducive to the establishment of the zonostrophic regime.

important, therefore, to specify a relatively large dissipation
capable of fully suppressing the enstrophy ranigial{rud
and Vallis 1992, Sukoriansky et al.1999 2002.

2.9 The small-scale forcing in 2-D simulations

In real systems, the energy sources are always related to 3-

affected by thes-related anisotropy, such thag/ng22;

(1) the extent of the inertial range should be large enough,
n/g/nfr 24;

(1) the large-scale drag should be relatively small yet large
enough to prevent the accumulation of energy in the largest
available modes, such thaf, >3 (in units of a sphere with
R=1);

(IV) the small-scale dissipation should be large enough to
pirtually suppress the enstrophy subrange, i.e., the ratio of

processes. Since these processes are excluded in purely 2gharacteristic length scales of the dissipation and the forcing,
simulations, the forcing is introduced artificially, via random 7&/74, Should be slightly smaller than 1. The characteristic
excitation of a number of small scale modes. Given computegissipation length scale,/44, can be determined by equat-

limitations on the number of modes that can be resolved

ing its characteristic time scale to that of a wave-number

such forcing may be acting on scales strongly affected by ssomewhat larger tham;. Then, the dissipation parameters

B-effect which would result in loss of universality of the flow

can be adjusted in such a way as to attain the desirable target

field. The issue (iii) above pertains to precisely such situa-value of the ratiaug /ny. In our simulations, this ratio was
tion and is concerned about the relative location of the forc-Kept close to 0.7.

ing and transitional wave numbers, andkg, respectively.

Summarizing the criteria formulated in (I)—(lll), one ar-

We have investigated this issue in a new series of simulation§Ves at a chain inequality delineating the parametric range
and found out that for the establishing of the zonostrophicOf the zonostrophic regime:

regime it is necessary that be sufficiently larger thaig

as described in the next section, otherwise the emerging flows < 215 < 8- < 30,
regimes are prone to a non-universal behavior. This condi-

tion can be understood as a requirement that the forcing ac
on relatively small scales wheregaeffect is weak.

2.10 A parametric study of the zonostrophic regime

(16)

he criterion (1V) is important for purely 2-D simulations but
as less significance in real flows where the energy sources
are almost always associated with scales affected by three-
dimensionality and vortex stretching.

Results of our simulations are summarized in EAgAll

A new series of simulations was dedicated to studies of theuns complying with the criteria (1)-(1V) are marked by filled
nature of various steady-state regimes in a wide range of padots. The dots are concentrated within a triangle demarcated
rameters. A comprehensive description of these simulation®n Fig. 2 by dashed lines. This triangle delineates a para-
will be given elsewhere; here, we provide a brief summary ofmetric range in which the flow had attained the zonostrophic
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regime withCz~0.5. On the other hand, the unfilled trian-  thermal forcing

gles and stars pertain to flows in which at least one of the P
criteria (1)—(IV) was violated. All such flows were found to \
lack universal behavior. Most of the simulationsDgnilov

Baroclinic energ

and Gryanik(2004) andDanilov and Gurari€2004) belong e — : Excitation
in the latter group. In addition, all of their simulations were ¥ gfj
almost certainly of insufficient duration to enable “universal” -— I o turbulence
flows to develop to full maturity. We have replicated some of Barotropic energy

these simulations; those satisfying criteria (1)—(IV) produced /
smoother spectra, Eqs7)( (8), with C;~0.5 when aver- kg KR KD "

aged over longer times. Note that in all simulations with the Boundary layer
zonostrophic regime, the flow field exhibited slow variability
which yielded, upon long-time averaging, smooth zonal and
residual spectra. This result points to the stochastic nature olgi
the flow field. In the framework of a general theory, the issue
of stochasticity has important implications for the universal-
ity of the flow regime. Clearly, if the large-scale structures
were quasi-deterministic, as asserte®amilov and Gurarie  f zonal bands/jets aSpang~1/(2R0)Y2, where the Rossby
(2004 andDanilov and Gryanik2004), then the quest for  hymper,Ro, is given by
the universal statistical behavior would be meaningless.

It is of interest to find out about the fate of the “moving », — L
energy front,” Eq. 12), and the Rhines scale, EdLQ], in QR
steady-state flows. Recall that in such flows, the zonal specgya\yatingy, as before, from Eq(7) and substituting it in
trum is comprised of the §teep inertial part given by _Hq. ( Eq. (19), we find Npand~Rn 7 thus demonstrating the con-
for n>ny, and an approximate plateau foxns,. Noting  gjstency between our definitions of the number of zonal jets
that in flows with a well developed spectruff) nost of the  ang that ofMenou et al(2003. However, since the spectra
energy is contained ifiz (n), their total kinetic energy is es-  haye not been computed itlenou et al(2003, it is difficult
timated by integrating this spectrum from Odo (Galperin -t judge whether or not the zonostrophic regime was attained
etal, 200D, in those simulations.

___________ + Wavenumber K

g. 3. Schematic representation of energy transfers in a two-layer
system (afteGalmon 1998 andRead 2005.

(19)

Erot = (5Cz/#)(Q/R)°n 7). (17)
3 Barotropic mode in stratified flows
Explorations of the planetary energetics based uponXEj. (
are given inGalperin et al.(2001) and Sukoriansky et al.  The flows considered so far were idealized, two-dimensional
(2002. Substitutingl=(2Eo1) Y2 in the definition of the  and barotropic. Real-world flows are more typically three-

Rhines’s number g=(8/U)Y?2, and replacings by Q/R, dimensional and baroclinic. Would it not be an over-
we obtain simplification to seek for characterization of the latter by
the former? Consideration of the normal-mode representa-
5 —4 tion allows one to establish an appropriate framework for
"R = (ZCZ> nfr="nfr (18)  such a characterization. In accordance with the Taylor-

Proudman theorem, strong rotation results in a tendency to-
A comparison of this result with Eq1() shows that, while  wards two-dimensionalization of planetary flows on large
in unsteady flows g designates the moving energy front, in scales. On even larger scales, fhreffect leads to horizontal
steady-state flows the advance of this front is terminated byanisotropization and zonation. As demonstratedshimon
the large-scale friction at wave numbey, at which point (1998 on an example of a two-layer system (see &bnes
the spectrum flattens out. The wave numbefs~ng show 1979 Read 2001, 2009 and schematically represented on
the “final destination” of the moving energy front; they both Fig. 3, large-scale thermal forcing, via baroclinic instabil-
demarcate the low wave-number terminus of the spectralty at the scales of the first baroclinic deformation radius
range with the-5 slope. Note that since the spectrumié Lr,x1/np,, leads to energy transfer to a barotropic mode
very steep, most of the energy is concentrated in the lowesivhich is independent of vertical coordinate and, thus, be-
modes with the-5 spectrum, i.e., around the wave-number haves like 2-D turbulence. If the baroclinic-barotropic en-
nyr. Thereforen s, determines the signature of the veloc- ergy conversion takes place on sufficiently small scales, and
ity profile and, thus, the number of the zonal je&alperin  the radius of the planet is sufficiently large, i.e., the Burger
et al, 2001). Using unforced inviscid simulations on a rotat- number is small,Bu=(L,/R)?°«1, then the barotropic
ing sphereMenou et al.(2003 have estimated the number mode can develop an anisotropic inverse energy cascade for
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Fig. 4. Schematic cross-section of the experimental rig used for the
Grenoble experiment to demonstrate anisotropic zonation. s
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n<np, and, thus, acquire features of barotropic 2-D turbu-rig 5. |nstantaneous velocity field and zonal flow profile (in cm
lence with ag-effect. The criteria (1)—(1V) identified in the  s-1) as a function of radius during the development of zonation in
previous section as necessary conditions for the developmerat convectively driven flow on a topograptieplane.

of a universal flow regime in steady-state simulations can

now be applied to the barotropic mode. Let us assume that

even if the flow has additional forcing mechanisms that dif- of sloping bottom topography, the requirements for dynami-
fer from the baroclinic instability, their scale does not exceedcg| similarity in the laboratory turn out to be very stringent,
Lo, 1.€.,nz Zng,. Using this assumption, we can extend the particularly with regard to achieving conditions under which
criterion (16) to the barotropic mode of baroclinic flows, viscous friction is sufficiently weak to allow for a significant
turbulent inertial range to develop. Thus, although some hint
of zonation effects has been evident in several small-scale ex-
periments in the pasiMason 1975 Bastin and Regdl998
Sommeria et al.1991), none of these were able to produce
fully-developed zonal jets and anisotropic spectra exhibiting
Let us now turn to validating the criterio2@) versus data the properties discussed above, mainly b_ecggse vi_scous dis-
sipation was too strong and exerted a significant influence

collected in laboratory experimentation and from observa- S .
. L . even at the energy injection scales (produced either by forced
tions of the large-scale planetary and terrestrial circulations.

Flows with small Bx and a topographig-effect have re- source-sink vortices or baroclinic instability).

cently been created in the world’s largest rotating tank, the Recently,Read et al(2004 have conducted an experi-
Coriolis turntable, in Grenoble, France. The Grenoble ex-Mentin a very large (13m diameter) rotating tank with both
periment will be described in detail in the next section. In Strong rotation and a topographfieeffect. The small-scale
the natural environment. flows with small valuesiif and  Torcing was delivered via unstably-stratified convection, pro-
n ¢+/ng abound in the atmospheres of the outer planets anduced by carefully spraying a continuous film of dense, salty

in the terrestrial oceans. These flows are analyzed in Sects, Water over the water surface. This generated a field of small
and6, respectively. convective plumes with a horizontal scale of around 15 cm,

which were transformed into vortices via interaction with the

background rotation. The basic experimental arrangement is
4  The Grenoble experiment illustrated in Fig.4. A sloping bottom with depth increas-

ing with radius (see Figd) was produced with a stretched
While results from clean and carefully formulated idealized fabric sheet mounted on a conical tubular frame in the base
numerical experiments can provide valuable insights fromof the tank. Both downward sloping and flat bottom config-
the viewpoint of basic theory, various assumptions madeurations were investigated (though a slight upward slope in
in their formulation need to be tested and evaluated undethe free upper surface was unavoidable due to the centrifu-
more physically realizable conditions. Laboratory experi- gal distortion produced by the background rotation; but this
ments provide the best well-controlled environment in which hever exceeded 0.@t mid-radius).
to investigate dynamical phenomena in a real fluid, provided The flow field was measured over a 25.5m region at
appropriate dynamical similarity can be achieved. In the caseegular intervals by particle image velocimetry (PIV), and
of turbulent zonation on g-plane, although a basic analog some measurements were made of the vertical density profile
of the g-plane can be produced in a rotating fluid by use at mid-radius using a conductivity probe. The tank could be

ng 2 nro 2 2ng 2 8nysr 2 30. (20)
The chain inequalityZ0) sharpens the criterioBu<«1 and

rectifies the conditions that can bring to life the zonostrophic
flow regime.
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rotated at up t@=x/20rad s, corresponding to a Burger Vertically averaged kinetic energy g [Jjjkg™'jim?)
numberBu~5x10~4, and the forcing maintained for up to 5.5
4—6 h continuous operation.

When a flat bottom was used, the convective eddies were 5 0.05
found to grow in size during the initial development of the 0.04
flow until the annular channel was occupied by a small num- '
ber of weak domain-filling vortices, superimposed upon a E ’ 0.03
broad, weakly retrograde zonal flow produced by residual >
wind-stress effects at the free upper surface. Whert a 5 4 002
sloping bottom was used, however, the vortex field which
developed from the initial convection grew to a maximum 35 0.01

size of around 1 m, in association with a persistent pattern
of alternating prograde and retrograde zonal jets, also with
a radial spacing of around 1 m. An example of this zonally-
organized flow is shown in Figb, in which the azimuthal
flow is contoured and velocity vectors superposed at around L
the mid-depth of the tank. The coherent pattern of parallel, Standard deviation of energy g [Jjfkg "im?] x 10°
zonally-oriented jets is clear, with an amplitude of around b ™ o e 0V 16
0.5cmst, - ' ' 14

Despite the baroclinic nature of the convective forcing, the 5
rotationally-modified response, at least on large scales, was
strongly barotropic. Figuré shows horizontal maps of the _ 45
kinetic energy of the vertically averaged flow and that of the E
vertically-varying fluctuations for an example of a fully de- >
veloped flow (in fact with a flat bottom, though similar results
were also obtained with a sloping bottom), measured by PIV
at 5 levels in the vertical spanning the depth of the tank. The 35K
horizontal (vector) velocity field was first averaged in the ver- :
tical at each horizontal grid point and the mean and standard -1 05 0 05 1
deviation of each velocity component was then used in turn to x [m]
compute maps of vertical mean kinetic energy and that of the
vertically-varying fluctuations. The fluctuation field is much Fig. 6. Instantaneous (horizontal) kinetic energy field and fluctua-
less energetic than the mean field and is dominated by smatfions at mid-depth as a function of radius and azimuth during the
scale features (with a typical diameter of 10-15cm), repre_development of.a convectively driven flow with a flat bottom in the
senting the scales of the individual convective plumes. InGrenoble experimenRead et al.2004).
contrast, the mean field is at least 5-10 times more energetic
than the fluctuations and evidently dominated by large scales, ) o
representing the rotationally-modified field of barotropic jets Over, the magnitude of the zonal mean kinetic energy spec-
and vortices. trum is also roughly consistent witti;~0.5 as suggested

The clear change in the zonal structure of the horizontal@bove, as indicated by the solid line with slops in Fig. 7.
flow by imposing the sloping bottom topography was also re- These trends were not evident in the flat bottom case
flected in the kinetic energy spectra. Figdrshows the time-  (cf. Read et al.2004), for which the spectrum was generally
mean spectrum obtained with a sloping bottom, in which theshallower than the KBK-5/3 slope and the zonal spectrum
total kinetic energy density (integrated over all directions) was dominated by wind-stress effects, greatly exceeding the
decreases with increasing wavenumbebut saturates to a  Strength suggested from the theory outlined above.
near constant value fdr less than a limiting value (corre- Although the spectra and other features of the sloping
sponding roughly to a frictional wavenumber,). The eddy  bottom experiment exhibit various characteristics of the
contribution to the kinetic energy density shows an initial anisotropic flow regime introduced above, they also exhibit
spectral slope (betweerr15 and 30m?, cf. an energy in-  various other features which depart from this ideal behav-
jection scale of around: =40 m1) corresponding roughly ior. This is not unduly surprising, given the difficulties in
to the classical-°/3 KBK spectrum. In contrast, the zonal satisfying the criteria represented by EgO) under labo-
mean spectrum (along thige=0 axis, whered is azimuth)  ratory conditions, even on the largest available experimen-
initially shows a much steeper fall-off beyond g of around  tal facility. By use of the convective forcing mechanism,
10 m1, with a gradient of around 3 to —5, approaching the kg ~kro~40 m~L. The frictional wavenumber seems to sat-
—5 suggested by the predictions of the theory above. Moreisfy the last inequality of EqQ20) comfortably, and frictional

x [m]

5.5

www.nonlin-processes-geophys.net/13/83/2006/ Nonlin. Processes Geophys. 983 2886



©
N

Anisotropicg-Plane Turbulence and Zonal Jets

T T (2) the outer planets are gaseous and do not have solid
boundaries, their large-scale friction is therefore relatively
low;
(3) convective cells, solar and/or internal heating may pro-
vide the necessary small-scale forcing that would give rise
to an anisotropic inverse energy cascade towards planetary
scales;
(4) the Burger number is small for all outer planets. This
issue requires some clarification. According Kenou
et al. (2003, for example, a Burger number, based upon an
externaldeformation radiusL g, is smaller than Bx 102
for all giant planets. Note, however, thatz (given by
Lr=(gD)Y2/f, whereg is the gravity acceleration and
D is the pressure scale height of an atmospheric layer)
represents the length scale of geostrophic adjustment in the
shallow water approximationd(ll, 1982. The analysis in
; L Sect.3 employsBu calculated for the firsinternal (baro-
1 10 100 clinic) deformation radiusL p, characterizing the scale of
Total Wavenumber [m_l] baroclinic instability and defined asp=NH/f, where N
is the Brunt-\aisala frequency and/ is the depth of a stably
Fig. 7. Time-averaged (horizontal) kinetic energy spectra for fully- stratified layer. Using an estimaté~[(g/p0)(|Ap|/H)1Y2,
developed flows with a sloping bottom in the Grenoble experimentwhere pg is the reference density andp| is a measure of
(Read et al.2004). the density deviation from the adiabatic lapse rate across the
stable layer, find that p /L z~[(H/D)(|Ap|/po)1*2. Since
eﬁect; are dominated b_y_scale—invariant laminar Ekman bot{ﬁé{n l? jt/‘zl;ujg(_)nlsf {£<alb222Lipg/fp g:;lkﬁgxlgggguge;]e
tom friction. The conditions concernings, however, are deep vertical stratification on the giant planets, one cannot

; ; 10 1y2
nl%re problematic. Bfashed on anfeﬁtlmate@E.x le‘ Irlrg' . determine accurate values of that ratio; however, a rough
s7° (~ one quarter of the ratio of the measured total kinetic estimate,Lp/Lg~1/10, is sufficient and plausible enough

energdy and thedlillgn;r?népin—dﬁwg timlegcaé?, kl’}f' iSI estl- for the present purposes. For comparison, for Jupiter, for
mated ataround 15mt. Given thatk ;,~10m™, thisleaves o5 hie the Galileo Probe found evidence for weakly stable
little room to obtain a fully developed, anisotropic, inverse stratification €0.1K km-1) averaged over the 1-20bar
energy inertial range. Moreover, the maximum duration Ofrange in pressu.rel\/(agalhaes et 31.2003. This would

the experiments Of. 4-6h was probably msufﬂuent to allow suggest a first baroclinic deformation radius of no more than
the turbulent flow field to evolve to full maturity. Neverthe- a few thousand km, implying a Burger number-e8x 10-3

less, it seems clear that this experiment has come the closegp less (an estimate of the same order of magnitude has been

fso f‘;‘r in the Iabo;iat%ry to aghie\Qng Fhe cgr;)ditions reqUirE_dgiven byLi et al. (2006 based upon a number of studies over
or the zonostrophic flow regime dominated by a topographiCy e |55t 25 years). Similar conditions are likely to prevail on

,B-effe_ct. Itwill be difficult to improve signi_ficantly upon this the other outer planets. The small valuesBof leave open
experiment in the future_ un!ess t_he rotation rate can be subge possibility for flow barotropization and development of
stantially increased, which is a significant engineering chal—the anisotropic inverse cascade in the barotropic mode;
lenge. (5) the inertial range is large sinag/n ¢, 210,
(6) smalln ¢, allows for considerable energy accumulation in
5 Anisotropic turbulence and large-scale circulation on  the barotropic mode. The barotropic mode is thus expected
giant planets to dominate the cloud movement and determine the shape of
the cloud tracks.
Large-scale circulations in the cloud layers of the outer
planets are good candidates for the development of the Spectral analysis of zonal flows on the outer planets holds
zonostrophic flow regime for the following reasons: a key to answering the question whether or not their large-
scale atmospheric circulations are consistent with the zono-
(1) large-scale planetary flows are two-dimensionalized duestrophic regime. Such analysis was performed using obser-

to the actions of strong rotation and weak density stratifica-vational data from Voyager 1 and 2 and Hubble Space Tele-
tion; scope; its results are summarized on BigafterSukoriansky

etal, 2002. As one can see, theoretical and observed spectra
agree in both slope and the amplitude. A detailed discussion

total
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Fig. 8. Top row: observed zonal profiles deduced from the motion ;
of the cloud layers Gargja-Melendo and &nchez-Lavega2003 ng from various long-term simulations using 2-D vorticity equation
Sanchez-Lavega et aR00Q Sromovsky et a).2001); bottom row: on the surface of a rotating sphere.

observed zonal spectra (solid lines and asterisks) and theoretical

zonal spectra, Eq7} (dashed lines) on the giant planets [all spectra

are normalized with their respective valuesaf/ R)2].

g. 9. Zonal velocity profiles for different combinations s and

An interesting insight into this problem from the viewpoint
of the large-scale turbulence dynamics could be gained in the

of the spectra and the planetary energetics can be found iR€ar future from the spectral analysis of the high-resolution
Galperin et al(2001); Sukoriansky et al(2002; Galperin circulation data collected by the Cassini mission for Jupiter

and Sukoriansky2005. and Saturn. A mission similar to Cassini could provide the
same kind of data for Uranus and NeptuBe¢be 2005.
5.1 Equatorial jets Summarizing, let us emphasize that the existing opinion

that the equatorial jets produced in barotropic simulations
Numerous simulations with the 2-D vorticity equation on are always directed westward is fallacious although a certain

the surface of a rotating sphere have consistently produce@reference to the formation of westward jets has been no-
westward equatorial jetsCho and Polvani1996 Huang ticeable. Note also that the simulated equatorial jets are not
et al, 2001 although some of the simulations biang and necessarily symmetric with respect to the equator; this fact
Robinson(1999 did yield eastward jets. The westward jets has been addressed in some discussions of the circulation on
are consistent with the circulation patterns on Uranus andJranus Karkoschkal998 Hammel et al.2001, 2005 Sro-
Neptune, but they are opposite to the equatorial jets observefloVsky and Fry2009.

on Jupiter and Saturn. The seeming inability of the 2-D mod- In fact, equatorial jets on the outer planets may be more
els to produce eastward equatorial jets could indeed be a se&omplicated phenomena than can be captured in a purely
rious limitation of these modelsvésavada and Showman barotropic model although there has been a recent attempt
2005 Li et al,, 2006. One of the issues investigated in our to represent the general atmospheric circulation on Jupiter
series of new long-term simulations described in the sectioras a superposition of the barotropic flow at relatively high
2.6 and shown in Fig2 was the direction of the equatorial latitudes and a deep rotating convection in the equatorial re-
jets which developed; the results are summarized in Big. gion (Heimpel et al. 2005. Generally, however, the cloud-
The simulations revealed that the flow pattern was slowlylevel jets on both Jupiter and Saturn, for example, do not
meandering as a whole in the north-south direction such thagxhibit simple maxima in zonal or angular velocity at the
the equatorial jets could be either eastward or westwardequator itself, but produce a relatively flat profile close to
there were even situations when the equatorial velocity waghe equator with some evidence for secondary maxinia in
zero. Slow fluctuations of the flow field are manifestation of displaced either side of the equator and a leaadimumon

the stochastic nature of turbulence wittg-affect. To fully  the equator itself. Moreover, the velocity structure is found
explore the question of stochasticity of the large-scale cir-to change substantially in the vertical (6-¢psar et a].2004
culation on giant planets, long observational records, of thento the stratosphere, indicating some baroclinic character. In
order of the time scale of the large-scale friction, would bethe case of Saturn, the flow may also vary significantly with
required. However, such data is a matter of the remote futuretime (e.g.Sanchez-Lavega et aR003, though the observed
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Fig. 11. (a)Composite view of the banded structure of the disk of
Jupiter taken by NASA's Cassini spacecraft on 7 December 2000
1 50 (image credit: NASA/JPL/University of Arizonafb) zonal jets at
1000 m depth in the North Pacific Ocean averaged over the last five
years of a 58-year long computer simulatibdakano and Hasumi
2005. The initial flow field was reconstructed from the Levitus cli-
matology; the flow evolution was driven by the ECMWF climato-
-150 logical forcing. Shaded and white areas are westward and eastward
currents, respectively; the contour interval is 2 cnt s

Latitude [degree]

Fig. 10. Meridional cross-section through a baroclinic equatorial jet
in an idealized 3-D numerical simulation of Jupiter's upper tropo- 2005 was performed. In order to facilitate this calculation,
sphere and stratosphere Ygmazaki et al(2003. a 60 longitude sector of the Pacific was extracted from the
original simulation. This sector was repeated 6-fold in the
northern hemisphere, mirror-reflected relative to the equa-
variations may be due in part to fluctuations in cloud helghttor and repeated 6 more times in the southern hemisphere
?.S well as actual variations in the Strength of the equatorialso as to assemble a continuous quasi-g]oba| dataset on the
Jet. sphere. A spectral analysis of this dataset was performed us-
In an attempt to take this detailed structure into account,ng the spherical harmonics decomposition; it yielded both
Yamazaki et al.(2009, for example, have recently pro- zonal and residual spectr&&lperin et al.2004. The cal-
duced a baroclinic equatorial jet in numerical simulations culated spectrum was averaged over the last 5 years of a 58-
involving angular momentum transport by both zonally- year long integration which was initialized using the Levi-
symmetric latitude-dependent heating (a Hadley circulation)tus climatology. As the simulated jets exhibit an equivalent
and equatorially-trapped Kelvin waves. Figd@shows the  barotropic structure, the analysis is based on the vertical av-
result of such a combination of Hadley and Kelvin wave pro- erage from the surface to 500 m depth (as notdRigaut and
cesses in producing a complex zonal velocity profile at cloudSombardie (1993 and Wunsch(1997), the density field in
levels with a local minimum on the equator, much as ob-the top 600 m of the water column is most important in com-
served. It does, however, imply a strongly baroclinic struc-putation of the normal modes). The results of the spectral
ture below the clouds, for which there is as yet little observa-analysis are shown in Fig2. The averaged zonal and non-
tional evidence either way. zonal oceanic spectra are presented in EBg. A —5 slope
is immediately evident for the zonal flows. Similarly to the
case of giant planets (Figs2b and c), this slope extends up-
6 The ocean-Jupiter connection ward to the dominant scale of the zonal jets yet for smaller
the spectrum becomes flat. The universalityzof(n) is sup-
Eddy-permitting simulations of general oceanic circulation ported not only by the-5 slope, but also by the constancy of
have consistently revealed systems of subsurface narrow z>~0.5 for all cases. The energy spectrum for the nonzonal
zonal jets filling the entire ocean domain; see, €lgeguier  componentsE g (n), exhibits a slope close te>/4 over the
et al. (2003 for the Atlantic, Nakano and Hasun(2009 rangen=60—-120. The departure af gz (n) from the —5/3
for the North Pacific, andMaximenko et al (2005 for the slope forn>120 could be attributed to various factors, such
global ocean. The signature of narrow zonal jets has als@s the interaction between barotropic and baroclinic modes,
been detected in the maps of the surface geostrophic currentie effect of direct forcing, damping by the bottom topogra-
obtained from satellite altimetryMaximenko et al.2009. phy, etc. Based upon extensive observational daag and
Comparing the visual appearance of the alternating zonal jet8Vunsch(2001) have calculated zonal wave-number spectra
on the outer planets and in the ocean, BEij.Galperin etal.  of zonal and meridional velocity components (their Fig. 17).
(2009 have questioned whether or not their resemblanceAlthough the definition of those spectra differs from the def-
could be more than just coincidental. To answer this quesinition used in this study, one can still discern a much steeper
tion, a spectral analysis of a 5-year long model-generatedlope in the spectrum of the zonal velocity with the dispar-
dataset of the North Pacific circulatioNdkano and Hasumi ity between the spectra at small wave numbers and the zonal
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Fig. 12. Averaged and instantaneous zonal (thick solid lines) and
non-zonal (thin solid lines) energy spectra on rotating planets with
small Bu (top row) and in barotropic 2-D simulations on a rotating
sphereSukoriansky et a2002 (bottom row); the high wave num-
ber spikes on the latter correspond to the small-scale forcing. All
spectra are non-dimensionalized such that(1)=C. Idealized

—5 (thick dashed lines) and5/3 (thin dashed lines) slopes are su-
perimposed, based upon Eg#). &nd @), with C;~0.5, Cx~5 and
e~10"10m2 573,

spectrum being about an order of magnitude larger. This re
sult is consistent with our Fig.2a. We would also emphasize

that both zonal and residual spectra of the horizontal currents

have been obtained here from fully 3-D, realistic simulations
of the circulation in the north Pacific rather than from ide-
alized barotropic 2-D simulations used so far in theoretical
studies. Note in addition that the barotropization on the lat-
itudinal scale of the zonal jets’ width expected in flows with
small Bu has been detected in simulatiori®afetta 1993
Williams, 2003 Nakano and HasumR005 as well as in
ocean observationsi@ll et al, 2004).

The spectra&z(n) and Eg(n), obtained from a model of
2-D flow on a rotating spheré&(koriansky et al.2002), are
shown in Fig. 12e for comparison; they are averaged over

7 Conclusions

We have demonstrated that there exists a parametric range
in which 2-D turbulence with g-effect develops a universal
flow regime coined here a zonostrophic regime. This para-
metric range is outlined by the chain inequalify6f and is
distinguished by the anisotropic composite energy spectrum,
Egs. (), (8), with the coefficient€;~0.5 andC g ~5 which

thus appear to be universal constants. This regime is main-
tained by the anisotropic inverse energy cascade that leads
to the emergence of a flow pattern of alternating zonal jets.
The lateral extent and preferred scale of these jets are de-
termined by the large-scale energy withdrawal mechanism
which is not completely understood at the present time, see
e.g.Milller et al.(2005.

A similar regime may develop in the barotropic mode of
stably stratified, 3-D, real-world flows with small values of
a Burger number which is based upon the first baroclinic de-
formation radius. The criterialf) or (20) should also be
fulfilled for the 3-D flows. One needs to keep in mind, how-
ever, that these conditions have been derived from purely 2-
D flows which have their own specific peculiarities absent
in real 3-D flows. Therefore, these criteria are expected to
be somewhat less restrictive when applied to the real world
flows. Tablel provides a summary of the parameters typical
of various natural flows; the data used in this table is from
Read et al(2009); Galperin et al(2004 andGalperin et al.

about 300 years. As could be expected, longer averaging prq2001). The values of the Burger number for the giant planets
duces smoother spectra. Since, as can be shown by simple calculated according to the dataMienou et al.(2003

energy balance argumen&dlperin et al.2007), the char-
acteristic time of the large-scale variability on Jupiter and
Saturn is larger than the time of observations, the observe
zonal spectra on these planets, presented on Efysand c,
are, in factjnstantaneouspectra. Finally, Figl2d (Sukori-

using the estimaté z=L g /10, established in Secs. The
rate of the small-scale energy input for all outer planets was
adssumed=10"8m? s~3. This value is smaller than 10 m?

s~3 as suggested iGalperin et al(2001) and 10°m? s~3
used invasavada and Showm#2005. Both latter estimates

ansky et al.2002 shows a typical instantaneous zonal spec-pertain to the total energy injection. However, a large part of
trum from a 2-D simulation. Large-amplitude fluctuations this energy becomes involved in the direct cascade and sub-
are characteristic of all instantaneous spectra including thoseequent viscous dissipation and only a small fraction of the
in the ocean (not shown here). energy will be available for the inverse cascade.
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Analyzing Tablel, we take note that the inertial range for be needed for their quantification. Those parameters are the
the Grenoble experiment is fairly narrow. Despite this, theplanetary radius, the rate of rotation, and the frictional wave
experiment serves to link together data from the outer plannumbern ¢.. The mass and the radius of some of the plan-
ets, the subsurface oceanic circulation and computer simulaets can presently be measured with a fair degree of accuracy
tions and seems generally to confirm that all these flows arg¢Guillot, 20095. As explained earlien; ¢, is roughly equal to
governed by strongly non-linear dynamics with anisotropic the number of bands on the planetary disc. This data, as well
inverse energy cascade. In view of the limitations discusseds the planetary rotation rates may become available from
in Sect.4, it would be a real challenge to expand this, re- future space-based observations.
quiring e.g. to significantly change the radius of the turntable Finally, we note that a rigorous confirmation of the pres-
and/or its rate of rotation. ence of the inverse energy cascade in real flows requires com-

For the terrestrial oceans, the criteri@@)generally holds  putation of the data-based spectral energy transfer with rela-
although the inertial range is quite narrow. Note that thetively high resolution of the velocity field. Such an analysis
large-scale friction for these flows is fairly large, leading to has not been performed yet for either of the systems con-
n ¢r~60, so that it would be generally wrong to say that the sidered here. However, for the oceanic flows, the first steps
zonostrophic regime can only develop in low-friction sys- in this direction have been undertaken 8gott and Wang
tems. In the terrestrial oceans, the prevalence of the zong2005. In addition to the zonal spectrurid)(it is important
energy over its meridional counterpart is not as prominent aso have a good estimate of the residual spectr8mwhich
on the giant planets, and this explains a highly fluctuatingis an important characteristic of the large-scale circulation in
pattern of oceanic circulation on mesoscales. systems with a strong-effect. This spectrum can be com-

Table 1 shows that the criteriorn2() is best satisfied for puted for the Grenoble experiment and for the ocean. The
the outer planets. In fact, they appear to present nearly ideaturrent resolution and the surface coverage are insufficient
gigantic natural laboratories where the zonostrophic regimeo determineE (n) for the flows on the outer planets. One
can materialize and be studied in all its complexity. Due tomay hope that this situation will dramatically improve when
the low large-scale friction, most of the kinetic energy of the data from the Cassini encounters of Jupiter and Saturn
the planetary atmospheric circulation is concentrated in thewill become available, opening up numerous venues for in-
lowest zonal modes forming a pattern of relatively few, very terdisciplinary, laboratory-terrestrial-planetary studies.
stable, alternating zonal jets, particularly on the ice giants
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