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Universal n~—° spectrum of zonal flows on giant planets
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The energy spectra of the observed zonal flows on Jupiter and Saturn are shown to obey the scaling
law E,(n)=C,(Q/R)?n"® in the range of total wave numbensiot affected by large scale friction
(here,) andR are the rotation rate and the radius of the planet,@pnds an order-one constant

These spectra broadly resemble their counterpart in recent simulations of turbulent flows on the
surface of a rotating spheféluanget al, Phys. Fluidsl3, 225(2001)] that represents a strongly
anisotropic flow regime evoked by the planetary vorticity gradient. It is conjectured that this regime
governs the large scale circulations and the multiple zonal jets on giant planets. The observed strong
equatorial jets that were not produced in the nearly inviscid simulations by Hetal are
attributed to the combined effect of the energy condensation in the lowest zonal modes and the large
scale friction. ©2001 American Institute of Physic§DOI: 10.1063/1.1373684

The large scale circulation on giant planets is characterflow regime was distinguished by strong alternating zonal
ized by quasisteady zonal jets with superimposed cohereiets and highly anisotropic energy spectrum. Rotng, and
vortices. The explanation of the physical mechanism tha@lmost all directions in the wave number space, the energy
governs the generation and maintenance of the zonal flowspectrum preserves its Kolmogorov shape,
has been one of the major problems of the planetary E(n)=Cye?3n 53 1)
scienceg:? The zonal circulation has been studied in com- : '
puter modelgsee Ref. 3, and references thejeand attrib-  though with somewhat smaller Kolmogorov—Kraichnan con-
uted to the interplay between planetary rotation and the instant, Cx=4, than in nonrotating 2D turbulence (s the
verse energy cascade inherent to 2D turbulence. Such flownall scale energy injection raté=or the zonal components,
develop anisotropic energy transfer that overwhelmingly pre@ Néw, steep spectrum,
fers the zonal direction. The planetary vorticity gradient also E,(n)=C,(Q/R)?n"S, )
increases stability of zonal flows, enabling them to retain
augmented amounts of energy. The small scale forcing nedvas discovered with the value @ between 0.3 and 0.5.
essary to maintain the inverse cascade can be related to iROF <N, the spectra quickly fell to zero due to effective
ternal heat sources present on every giant planet but Ufanu€nergy removal by friction. The spectra in E(ﬁ$)3anq @)

For Jupiter, Ingersolét al® have identified this forcing with &€ defined in the same manner as in Huabgl,” with n
small scale convective celfsA distinctive feature of giant being _the total wave ngmber in spherlc_al geometry corre-
planets’ atmospheric circulations is a very long time scale ofPoNding to the lower index of a spherical harmonft.
large scale frictiong,>” such that the wave numbers charac- "¢ spectrumEz(n) contains on;y zonal components)
terizing the large-scale frictiom;,, and small-scale forcing =0, of the flow field. Huanget al.” have speculated that a

are separated by one or two decades in spectral space. Th&ga&steady equilibrium flow regime with the anisotropic

there exists a wide range of intermediate wave numbers i pectrum(2) could exist on the giant planets giving rise to
which the flow is nearly inviscid and governed by the uni- eir observed zonal flow structure and very slow variability

. . . of large scale circulation. Following this insight, the present
versal dynamics of strongly rotating turbulence. This param- .

. . ~study probes the energy spectra of the zonal flows on Jupiter
eter range has been explored in our recent numerical sim

lati f 2D turbul th ‘ f i oh ‘%$nd Saturn obtained from Voyager 1 and 2 to find out
ations o urbuience on the surtace ot a rotaling SpNere, o ier or not this spectrum is indeed present in the data.

incorporating a scale selective, high order inverse Laplacian Figures 1a) and 1b) show the Voyager median zonal
friction W'_th a small aqd pre.d_etermmerdr. A small scale, wind profiles for Jupiter and Saturn. The Jupiter wind fata
random, isotropic forcing initiated the flow from rest and was averaged in bins of approximately 0.25° between
maintained its evolution. After long integration, the ensuingrougmy 60° N and 55° S. The Saturn wind dateas aver-
aged in bins of 0.5°-0.6° between roughly 80° N and 70° S.
3Telephone(727) 553-1101; electronic mail: bgalperin@marine.usf.edu  The unobserved polar regions in both data were filled with
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FIG. 1. Zonal winds on Jupitge) and Saturr(b) obtained from Voyager 1 i\ ! "
and 2. The dashed lines show the tapered profiles that were used in th 10'6 \. _' \.
spectral analysis. — ' [
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zeros. A smoother was applied to the edges of the data-fre: A i
regions to remove discontinuities. Another data-free zone be 10~° \ /
tween 1° S and 10° S of Saturn, due to obstruction by the \ i
ring, was filled by interpolation. The tapered and interpolated 1010 '\;
profiles, shown in Figs. (&) and Xb) as the dashed curves, ¥
were then used to evaluate the energy spectra. 10~ —
Figures 2a) and 2b) show the observed zonal energy 1

spectra for Jupiter and Saturn. The data appear quite noisy
which is expected from a single realization of a slowly FIG. 2. Observed zonal energy spectra for Jupigrand Saturn(b) nor-
evolving turbulent flow field. A satisfactory statistical malized with Q2R)2 The long and short solid lines are the5 and Kol-
smoothing of the spectra would require extremely long op.mogorov spectra calculated for actual Jupiter and Saturn parameters.
servations. In contrast, in our numerical simulatibrise
smoothing of the spectrum was achieved by ensemble-
averaging many independent realizations. In the data analywave numbers, ;=20 for Jupiter anchys=10 for Saturn.
sis below,R and ) ! are used as unit length and time. The Forn,<n<n,,, the spectra steeply descend according to the
discrete values oE(n) are, in fact, “energy per unit wave —5 law, Eq.(2). The rangen>n,, behaves rather like white
number,” where “unit wave number” is set dimensionless, noise and is apparently unresolved.
i.e., equal to one for eaanmaking the units oE,(n) equal The steep spectra are most pronounced over a band of
to those of (LR)2. Such choice of units ensures tHag(1) intermediate wave numbers from about (28n;,;) to 90 for
=C, for the theoretical spectruii). The long straight lines Jupiter and 20 to 80 for Satur@ven thoughn;s is better
superimposed on the data are the theoreticalspectra, Eq. estimated as 10 for Saturn, there exists a transition zone be-
(2), that use the actual values Bfand Q) for Jupiter and tweenn=10 and 20; a sharp drop of the spectrum with in-
Saturn[Here,C,= 0.5 rather than 0.8Ref. 3 was used as it creasingn is more evident fom>20). To further quantify
gave a somewhat better agreement with dafde short the evidence for the-5 slope, a linear regression analysis
straight lines show the Kolmogorov spectra, Ef), using was performed for the pairflogn, logE,(n)] for selected
e=10"" m?s~3 for Jupiter as estimated from the data onranges ofn. This analysis aimed to fit the data by a straight
heat flux intensity averaged over its surf&deor simplicity,  line, logE,(n)=Alogn+B, that minimizes the variance, with
the same value of was assigned to Saturn. The crossoverA being the spectral slope a@},=10° in Eq. (2). For Jupi-
wave numbern,,, is obtained by equating Egél) and (2)  ter, regression based on the range<26<55 gives a spectral
giving n,~ 100 for both planets. slope of—4.7+1.3 andB= —0.77+2.0 while for the range
The spectra in Figs.(2) and Zb) admit a simple phe- 20<n<90, A=-4.1+0.65 andB=—1.6x+1.1. For Saturn,
nomenological model. At the low wave number end, the analysis based on a range<29<80 gives a slope of
<ng, the spectra stay approximately lev&l(n)=E(ny), A=—-4.8+0.75 andB=—0.52+1.26. The estimates of the
which is consistent with the action of some form of a largespectral slope are fairly close t65 for both planets. These
scale friction. Careful analysis of the data gives the frictionalestimates provide information not only on spectral slopes but
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90N Jupiter 90N Saturn directly related to the number of zonal jets. Thereforecan
be roughly estimated from the prevailing number of zonal
jets on a planet.

To further elucidate the physical meaning o, the
zonal wind profiles were decomposed into components com-
prised of the modes<n;, andn>n; as shown in Figs. (3)
and 3b) for Jupiter and Saturn, respectively. Apparently, the
first n;, modes represent the equatorial jet while the modes
n>ng account for the rest of the profile. This residual profile
has the—5 spectral slope, is spaced more evenly than the
full profile, and its equatorial jet iwestward particularly for
Jupiter(for Saturn, the obscured by the ring equatorial band
may have a significant effect on spectral decomposition
Generally, there is a good qualitative agreement between the
computer simulated profilésand observed profiles com-
005 , L 008 prised of the modes>n;,, both representing the 5 range

-100 -50 O 50 100 150 -200-100 0 100 200 300 400 500 of the spectrum.
u (m/s) u (m/s) It has been customary to scale the width of the zonal jets

_ , _ with the Rhines’s length scales*=(U/B)*2 whereU is

FIG. 3. Zonal wind profiles reconstructed from the fingt modes(dashed h locity fluctuati is th | t ticit
line) and the rest of the modésolid line) for Jupiter(a) and Saturrib). The the r_ms \ie ocity . U(? uaton anﬂlllzs e planetary vorucity

shaded area for Saturn marks the equatorial region obscured by the ring. gradlenﬁ Substituting U= (2£)“ from Eq. (3) and B
=Q/R, one obtainsng=n;. Thus, the frictional and

Rhines’s wave numbers appear to coincide demarcating the

. . . . low wave number terminus of the spectral range with the
also on their amplitudes. The linear regression analyses per-

. . —5 slope.
formed in various ranges mehow that wherA—> S, 'Fhen Golitsyn® estimated that although the rotation rates and
C,e(0.3,0.5), in agreement with our previous estimates.

S ) radii of Jupiter and Saturn are very close, the total kinetic
The deviation ofA from —5 causes the exponential changeener of the Saturn’s atmosphefi, is about an order of
in the value ofC, to compensate the error. For instanée, 9y b "

= —3.5 givesC,=0.003. The reason for such a behavior is magthde higher than that of Jupitéf,. He found such a

the close agreement between the theoretical line and the o 19 'dlffe’rence puzzling. .E.quatlon(i) helps toﬁztisolllve
servational data. In other words, not only the spectrum of th%_oll_tsyn s _conundrum  giving £s/£5=(Nps/Npa) “=2"

data has a slope close t65 but in addition, the spectral |m|IarIy, for the rfitlo. of the maximurm velocities of 2the
amplitudes fluctuate around their theoretical values. If flovvres'ge‘,:t've equatorial jets one obtaibig/U = (g /Nys)
regimes with the spectral slopes different fromb were :2_ , In agreement with the data in Fig. 1. The phenomeno-
used to describe the data, they would have required values §9ical model helped to narrow the problem down to one key
C, unrealistically different fromO(1). The emergence of Parameterng. To explain the mystery of the 4-to-1 ratio,
the steep—5 spectrum on a rotating sphere is accompaniecju.tu_re research only. needs to elucidate why thg large scale
by the energy accumulation in the large-scale zonal flows, iffiction acts on a wider spectral range on Jupiter than on

agreement with observatiortaccording to Voyager dafd, —Satum. o o _
Jupiter’s zonal kinetic energy is two to three orders of mag- Equation(3) indicates that the equatorial jets that reside

nitude larger than its meridional counterpaahd computer N the frictional rangen<n;, contain about 80% of the total
simulations’ Summarizing, the spectruii2) pertains to the kinetic energy and appear to be huge capacitors of the kinetic
only known physical mechanism that can explain the obseren€rgy of atmospheric circulations on giant planets; this in-
vational data; the conclusion reinforced by its good quantiteresting observation was also made by GolitsJine phys-
tative agreement with the observed spectra on both Jupitd¢s Of the equatorial jets must be distinguished from the
and Saturn. “background” circulation that has the—5 spectrum.
Consider now general characteristics of the JovianGolitsyn' emphasized that the nature of the equatorial accel-
Saturnian atmospheres in the framework of the phenomeng@ration is another central problem of the planetary sciences
logical spectral model. Integrating the idealized spectrundin addition to the physics of the zonal circulatjothat

from 0 tow, a simple expression for the total kinetic energy awaits resolution. We conjecture that the equatorial jets are
is obtained, the manifestation of the large scale energy condensation due

_ to inverse energy cascadsimilar to that in Smith and
5:(5C2/4)(Q/R)2nfr4' ®) Yakhot? but for rotating, anisotropic turbulencender the
For this equation to be practically useful in a general caseinfluence of large scale friction. This phenomenon could
one needs to know how to estimatg. Observe that due to probably be reproduced in a barotropic model with an appro-
the steepness of the spectryg), the lowest modes in the priate large scale drag. Generally, the details of the friction
—5 slope range carry most of the energy of that range andould prove to be crucial in determining the structure of the
dominate the signature of the zonal wind profile which isequilibrated zonal jets. More detailed information about the
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friction should be particularly welcome from future observa- = 7R/L4<(90,400) which is not well resolved in the data. By
tions including the ongoing Cassini mission. focusing on the rang@<90, this study covers the scales
The primary balance of kinetic energy on a giant planetarger thanL,, such thanLy<1. It is generally recognized
is &/ =€, where is the time scale of the large scale fric- that, on a fast-rotating planet, the 3D quasigeostrophic tur-
tion. Combining this relationship with Eq3) leads toQ) 7 bulence behaves like barotropic 2D turbulence at least on the
=(5C2/4)(ng/ny) Ry, where ng=[(/R)%€]*~200, intermediate-to-large scales with>L 4, which thus justi-
giving 7 of the order of 18- 10° Earth’s years for both plan- fies the use of the barotropic model in the present study.
ets. This time scale is longer than the approximately 100 year Turbulent flows possess only a few universal spectra that
history of observations of the giant planets’ atmospheregre reliably observable. Among them are the Kolmogorov's
which underscores the necessity for an extremely long time-5/3 spectrum in 3D and 2D turbulence and Kraichnan's
average to smooth their observed energy spectrum of zonat 3 spectrum in the enstrophy cascade range of 2D turbu-
mean flows. lence. Our newly discovered 5 spectrum pertains to quasi-
The agreement between the > spectrum in the baro- one-dimensional turbulence. The appearance of this spec-
tropic 2D turbulence model and observations is encouragingrum on Jupiter and Saturn indicates that it may indeed be
However, barotropic theories have some drawbacks. A welleommon in Nature withC, in Eq. (2) being a universal con-
known issue is that a forced barotropic model usually pro-stant.
duces zonal jets that do not violate the Rayleigh—Kuo stabil-
ity criterion while the observed zonal winds on Jupiter andACKNOWLEDGMENTS
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