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We study power spectra and search for planetary waves in images of Ju-piter's cloud opacity. The observation wavelength of 4.9 µm senses thermalemission from the �5-bar level; overlying clouds attenuate the emission.Our companion paper (J. Harrington et al. 1996, Icarus, in press) describes Editor: replace``Icarus, inpress'' with theactual publicationreference in thisissue of thejournal.19 nights of observations (6 with 360� longitude coverage) and new re-duction techniques. Atmospheric seeing limits resolution to �2,500 km.Zonal power spectral density at planetary wavenumbers higher than �25follows a power law in the wavenumber. Eastward jets average -2.71�0.07and westward jets, excluding cloud-obscured regions, average -3.14�0.12.Wavenumbers 1 { 24 roughly follow power laws near -0.7 for both jetdirections, but with many superposed discrete features. The meridionalspectrum similarly breaks around wavenumber 25, with power law trendsof -0.36 and -3.27. However, a pattern of undulations is superposed overits linear trends.L. D. Travis (1978, J. Atmos. Sci. 35, 1584{1595) established an empiri-cal correspondence between power spectra of atmospheric kinetic energyand of cloud opacities for the Earth and analyzed Venus cloud data underthis assumption. We do the same for Jupiter. If the Rossby deformationradius, Ld, were an energy input scale, as baroclinic instability theorypredicts, one would expect energy and enstrophy cascades (power lawsRevision 3.2: 16:31 19 June 1996 3 Harrington et al.



of -5/3 and -3, respectively) on opposite sides of the wavenumber corre-sponding to Ld. If the top of our high-wavenumber power law is Ld, itsvalue is �2,100 km at 45� latitude.Our spectra show persistent features with phases moving linearly over the99-day observation period. Some of these can be identi�ed with periodicfeatures such as vortex chains and the equatorial plumes. The origin ofothers is less certain. We present a table of our best wave candidates.
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INTRODUCTION
Jupiter's middle and deep atmospheric regions strongly in
uence the types of dy-namics that occur above them (Dowling and Ingersoll 1989). The direct study ofthese regions is inhibited by the presence of the ammonia clouds, which re
ect mostvisible wavelengths and whose tops are located near 250 mbar (West et al. 1986).The deepest-probing light we can receive from Jupiter is thermally emitted near the5-bar level at wavelengths close to 5 µm (Kunde et al. 1982). This light is attenuatedas it passes through the various cloud layers, giving us our best source of informationon the optical thicknesses of the clouds. Although spectral and photometric work atthis wavelength has been progressing for some time (Beer and Taylor 1973, Terrile1978), only in the past decade have electronic infrared imagers achieved the sensitiv-ity and spatial resolution necessary for studies of the horizontal variation of Jupiter'scloud opacities at this wavelength.The �rst paper in this series (Harrington et al. 1996, hereafter Paper I) describesthe acquisition of maps of Jupiter's cloud opacities on 19 nights between Januaryand April of 1992. The maps were taken at a wavelength of 4.9 µm with the Pro-toCAM instrument at the NASA Infrared Telescope Facility. On six of these nightswe obtained complete longitude coverage. Although there is much work at opticalwavelengths involving the tracking of features and winds on Jupiter (Limaye 1986,Beebe et al. 1980), the present work concentrates on the power spectrum of Jupiter'sRevision 3.2: 16:31 19 June 1996 5 Harrington et al.



cloud opacities. The next section provides background information about the use ofpower spectra in terrestrial atmospheric dynamics and brie
y reviews other observa-tions of planetary waves on Jupiter. We then use our power spectra to characterizethe statistics of cloud patterns on Jupiter, to investigate the length scales of energydeposition, and to search for planetary-scale waves. We conclude with interpretationand considerations for future observations.
Background

In this paper we use the power spectrum in two di�erent ways: as a statistical toolfor studying the distribution of power across Fourier components and as a device foridentifying strong periodic activity at discrete wavenumbers. The practical goal ofa general power spectrum analysis is to �nd a compact analytical expression, suchas a power law, that captures the statistics of a cloud �eld over a large range ofscales. Such a description provides a diagnostic tool that can reveal input scales ofenergy and can quantify the type of turbulence acting in the atmosphere. A compactdescription would also allow the e�ects of cloud dynamics to be incorporated in globalradiative-transfer calculations in an e�cient manner.In recent years traditional power spectrum analyses of Earth's cloud variability havegiven way to structure-function techniques that connect directly to theories of tracerHarrington et al. 6 Revision 3.2: 16:31 19 June 1996



advection in two- and three-dimensional (2D and 3D) 
ows and on the fractal natureof the resulting patterns (Tessier et al. 1993, Pierrehumbert 1994). Although progressin this area is rapid, the problem of cloud patterns is complex, and the tools for dataanalysis are still evolving. This paper is an initial foray into the �eld using Jupiterdata, so we have elected to keep the analysis simple and traditional.Our goal is to determine over what wavenumber ranges a power-law descriptionof the power spectrum of Jupiter cloud opacity is accurate and to determine thecorresponding exponents. In the literature, even this traditional analysis su�ers fromsizeable gaps between theory and observation. For example, cloud opacities may actas passive tracers. Pierrehumbert (1994) and co-workers have studied power lawsstemming from tracer mixing processes. Jupiter's small number of large vorticesargues in favor of 2D turbulence. Simple dimensional arguments predict that apassive 2D tracer that is freely evolving in homogeneous, isotropic turbulence withoutdissipation will have a k�1 spectrum, where k is the wavenumber (Batchelor 1959).However, this idealized spectrum is not often observed. Pierrehumbert (1992) showsthat the Batchelor spectrum is inheriently transient and as the system approacheshomogeneity the spectrum becomes non-universal, depending on both the initialconditions and on the large-scale 
ow geometry. Generally speaking, as patches ofthe 
uid become homogenized with the tracer, the discontinuities of the patch edgeslead to a steeper k�2 spectrum, as shown by Sa�man (1971). Pierrehumbert (1994)examines high-resolution 2D turbulence simulations and �nds that passive tracersRevision 3.2: 16:31 19 June 1996 7 Harrington et al.



tend to exhibit a power law intermediate between k�1 and k�2.But some observations of cloud opacities, for example those of Travis (1978) andalso of the present work, exhibit a k�3 spectrum. If not a passive tracer, thenwhat sort of �eld is cloud opacity? The most notable characteristic of 2D turbu-lence is that energy cascades to large scales instead of small scales (Charney 1971,Danilov et al. 1994). In other words, 2D vortices merge rather than fall apart like asmoke ring. In so doing, the vortices continuously wrap and stretch long �laments,such that the enstrophy (squared vorticity, a measure of �lamentation) cascades tosmall scales. Unlike a passive tracer, the kinetic energy spectrum behaves as k�3 inthe wavenumber range over which enstrophy is cascading. If there were a certainwavenumber for energy input, as one would expect if baroclinic instability were oper-ating (see Power Spectrum Analysis, below) then for wavenumbers smaller than thisinput scale the power spectrum of kinetic energy would show the well-known k�5=3Kolmogorov scaling, whereas the larger wavenumbers would show a k�3 power law.If signi�cant energy were input at additional wavenumbers, the up- and down-scalecascades would interfere with one another and destroy the simple power law betweenthe input wavenumbers.Kinetic energy �elds come from velocity measurements, but power-spectrum anal-ysis requires accuracies much better than the �5 m/sec uncertainties of data forplanets other than the Earth (Sada et al. 1996, Travis 1978). Mitchell (1982) andHarrington et al. 8 Revision 3.2: 16:31 19 June 1996



Mitchell and Maxworthy (1985) carried out such a study using the Voyager winddata, with large scatter in the resulting power spectra. For Earth, Travis found aclose correspondence between power spectra of Earth's atmospheric kinetic energyand power spectra of its visible and infrared cloud intensities. His cloud data comefrom a Mariner 10 image (�eff=0.578 µm), �ve pairs of visible (0.55 { 0.75 µm) andthermal infrared (10.5 { 12.6 µm) images from the SMS-1 satellite, and one suchpair from the GOES-1 satellite. Travis's Fig. 5, reproduced here in Fig. 1, showsa solid line for the cloud brightness spectrum and circles for various kinetic energyspectra (see caption). The important result for the present work is that cloud inten-sity spectra agree with kinetic energy spectra in each of two latitude regions, eventhough the kinetic energy spectra in the two regions are di�erent from each other.Assuming that the correspondence held for Venus as well, Travis used cloud-intensityspectra as a surrogate for kinetic energy spectra. Below, we o�er interpretations ofour observational results under the same assumption.Travis's assumption is controversial. We have been unable to derive ourselves or �ndin the literature a plausible reason why power laws in kinetic energy power spectrashould appear in cloud opacity power spectra with the same exponent. Althoughwe do not solve this problem, we add to the discussion by showing that the Jupiterdata, like the Earth and Venus data examined by Travis, exhibit a kinetic-energy-likeexponent of �3 over a wide range of wavenumbers.
Revision 3.2: 16:31 19 June 1996 9 Harrington et al.



Fig. 1. Comparison of Earth kinetic energy power spectra (circles) and cloud in-tensity spectra (lines) from Travis (1978). Open circles are from wind data sensitiveto 200 mbar at a single latitude. Filled circles are from winds at 200, 500, and 850mbar at two discrete latitudes. The circles are normalized to match each other atn=6, which Travis identi�es as the scale of the deformation radius for Earth. Thelines are an average of power spectra derived from 12 Earth images at a variety ofvisible and infrared wavelengths. The spectrum from each of the Earth images is anaverage of its zonal spectra over the indicated latitude region. In spite of the clearlydi�erent forms taken by the power spectra at di�erent latitudes, the two di�erentmeasurements agree on the basic form in both regions. Reproduced from Journal ofthe Atmospheric Sciences.
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Even more than as a statistical tool, the power spectrum is familiar as a means foridentifying discrete periodicities in data. Propagating waves that manifest themselvesin cloud opacities and chains of periodic vortices would both appear as discrete peaksin a zonal power spectrum, and we use our spectra to search for such features. A pre-vious wave search with data from the Voyager Infrared Interferometer Spectrometer(IRIS) at this wavelength (Magalh~aes et al. 1990) yielded null results. However, thepresent study has ten times the linear spatial resolution and six times the temporalresolution of the spacecraft study.Global, periodic, thermal features are apparent in infrared observations of Jupiter'sstratosphere and upper troposphere at other wavelengths (Magalh~aes et al. 1989,1990); these features move slowly with respect to the interior rotation rate (SystemIII). Deming et al. report activity at 20� N. Magalh~aes et al. (1989, 1990) reportthermal waves at 15� N, planetary wavenumber 9, 270 mbar and 20� N, wavenumber11, in 45-µm cloud opacities. Orton et al. (1991) report a wave moving no fasterthan �30 m/s at 22�N, 30 mbar. Saturn sports a circumpolar hexagonal feature(Godfrey 1988), which is apparent in Voyager images, and IRIS data reveal Rossbywaves at wavenumber 2 between 20� N and 40� N at 130 mbar (Achterberg andFlasar 1996). The hexagon has also been interpreted as a Rossby wave (Allison et al.1990). The slow thermal features are encouraging and lead us to a general search forsuch features in Jupiter's tropospheric cloud opacities. A dispersion relation derivedempirically from a family of observed Rossby waves would greatly constrain studiesRevision 3.2: 16:31 19 June 1996 11 Harrington et al.



of the stability of Jupiter's zonal jets (Dowling 1995, especially Eq. 34), as well asother aspects of atmospheric dynamics.We note that the visibly-prominent equatorial plumes may be only distantly relatedto these features. Thought to be convection sites, they move quickly with respectto System III and have a di�erent appearance from both the features on Saturn andthose seen in the infrared on Jupiter. Allison (1990) has suggested that conditionalinstabilities associated with deep waves drive the convection that makes the featuresvisible.The existence of a family of waves that move slowly relative to the presumed in-ternal planetary rotation period implies a mechanism whereby the dynamics of thestratosphere and upper troposphere are tied, possibly indirectly, to the deep interior.Hart et al. (1986a,b) have proposed one possible mechanism: a pattern of convec-tion cells in the planetary interior, the top of which form a 
uid velocity patternstatic in the rest frame of the interior. They simulate the interior convection of thegiant planets both by numerical methods and by means of a physical model 
own inspace. For rapidly-rotating spheres with a purely radial temperature gradient, thesemodels form narrow convection cells that each extend from pole to pole but coveronly a few tens of degrees in longitude. If this \banana-cell" pattern of alternat-ing upward and downward velocity were strong enough, it could a�ect the e�ectivethickness of the troposphere and act as a forcing or selection mechanism for RossbyHarrington et al. 12 Revision 3.2: 16:31 19 June 1996



waves. Such a pattern might give rise to waves stationary in the rest frame of thecells and having planetary wavenumbers related to the number of convection cells.Meridionally-aligned features might also result. Detection of a strong convection pat-tern underlying the weather layer would begin to address the question of what tiesJupiter's zonal wind system and stratospheric thermal waves to the rotation rate ofthe deep interior. Such meridional coherence across latitudes does not in fact appearin our data, but we do have positive detections of a number of waves at particularlatitudes, as discussed below.
POWER SPECTRUM ANALYSIS

To derive power spectra of Jupiter's cloud opacities, we extracted 1�-wide latitudestrips from our 19 composite maps (for examples from two di�erent nights, see leftpanel of Fig. 2 and Fig. 2 of Paper I). We calculated the power spectral density(PSD) with Lomb normalization following Press et al. (1992, pp. 575{584). Thespectral image (center panel of Fig. 2) was produced by averaging the spectra ateach latitude over the 19 nights and stacking the resulting average spectra. Thisimage has coordinates of wavenumber and latitude and pixel values of normalizedPSD. Although mosaicking and compositing errors leave systematic patterns in theindividual spectra (see Fig. II.3 of Harrington 1994), these e�ects are eliminated frompractical concern by averaging over the 19 nights.Revision 3.2: 16:31 19 June 1996 13 Harrington et al.
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Fig. 2. 4.9-µm map of Jupiter on 27 February 1992 (left), average zonal power spectrum for all 19 nights (center), and relativezonal variance of map intensities (right). Dark features indicate high cloud opacity in the map and high power spectral densityin the spectrum. The stretch is logarithmic in intensity in the left panel and linear in the center. The equatorial plumes areprominent in the map. The Great Red Spot is at latitude -20�, longitude 240� and is mostly obscured by clouds at this timeand wavelength. Structure at latitudes poleward of 60� su�ers in map projection. Each horizontal row in the power spectrumis the average of Lomb-normalized spectra for the adjacent map latitude for all 19 nights. The normalization (see text) isproportional to the variance plotted for each latitude in the right panel, and is used to compare spectra at di�erent latitudesand to search for discrete waves. Many of the brightest features in the power spectrum correspond to periodic features whosephase changes linearly with time (see Fig. 5 and Table II). Figure 2 of Paper I contains a di�erent night's map, for comparison.
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The Lomb method has several advantages over the simple fast Fourier transform(FFT) algorithm (see Press et al., pp. 496{536, and elsewhere). First, it allowscomparison of one spectrum to another even at very di�erent intensity levels. Second,it directly indicates the signi�cance of the values in the spectrum. Third, the dataneed be neither contiguous nor evenly sampled. Even though our maps are evenly-sampled representations of the original image data, not all nights have full coverage.Fourth, one can specify the (not-necessarily-integral) wavenumbers of interest ratherthan accepting the set provided by the FFT. Using the Lomb method allowed us tospecify the same spatial frequencies in the incomplete maps as in those with completecoverage, and thus to average the power spectra from all 19 nights. The Lomb methodhas two disadvantages: First, it gives no phase information. However, this is easilyobtained for a limited number of frequencies by �tting a sinusoid of the desired periodto the data. Second, it is slower, being composed of two FFT operations and someadditional processing.As a check on our use of the Lomb technique, we derived power spectra with integralplanetary wavenumbers for each 1� strip of latitude on the nights with 360� mapsusing both the Lomb and the FFT methods. We converted the FFTs to Lombperiodograms by squaring the FFT amplitudes to derive power spectra, multiplyingby the number of data points, and dividing by the variance of the data. The averagefractional di�erence, j(a� b)=(a+ b)j, between the two sets of amplitudes is �10-6 orless for wavenumbers below our spatial resolution cuto� of �70 and 10-3 or less forRevision 3.2: 16:31 19 June 1996 15 Harrington et al.



all wavenumbers except a few very close to the Nyquist frequency.Figure 3 presents the averaged power spectra of latitudes contained in the eastwardand westward zonal jets, a meridional spectrum averaged over all longitudes andnights (5,334 averaged spectra), and an individual spectrum from a single latitudestrip on a single night, to give a sense of the raw spectra. For most latitudes withinthe �60� limits of good map projection, plotting the logarithm of the power spectrumagainst the logarithm of the planetary wavenumber (m) reveals a slope near -0.8 atlow wavenumbers with superposed discrete features, a steeper slope at wavenumbershigher than �25 that is relatively linear, and a low-intensity tail starting at m�70,whose slope and curvature vary. Averaging over latitudes signi�cantly reduces noiseand reveals the underlying structure more clearly. The meridional spectrum is pro-vided to illustrate the spectral behavior of the zonal intensity including the cloudbelts. The belt-zone intensity variation is characterized not by a single peak butrather by a series of steadily-weakening peaks.Table I reports �ts to linear ranges of the spectra averaged over regions noted in thetable. We evaluated the point between the two slopes by eye, and found that in mostof the narrow latitude ranges the breakpoint was within 1 or 2 wavenumbers of 26.We adopted this value and terminated the �ts 2 wavenumbers away. Each averageincludes only those wavenumbers within the resolution limit, which varies with lati-tude (see below). The highest wavenumbers have representation only from the lowestHarrington et al. 16 Revision 3.2: 16:31 19 June 1996
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Latitude 0, 22 March 1992
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Fig. 3. Power spectrum averages. Power-law �ts in the indicated wavenumber rangesare above the data. Dashes plot the theoretical 2D energy and enstrophy cascadeslopes. Mitchell and Maxworthy (1985) measured slopes of -1.3 (a portion is plottedwith dots) and -3 in wind velocity data, but with a breakpoint near wavenumber 45.The lower left plot is a meridional spectrum. It has similar trends to the zonal spectra,but with a superposed pattern of peaks. This plot uses the same spatial wavenumbersas the zonal plots (but see text). The lower right plot is from a single night at a singlelatitude, to show the quality of unaveraged spectra. See text for discussion of errors.At high wavenumbers, the zonal spectra con�dently follow power laws with slopesnear -3, but discrete waves disrupt the linearity of the low-wavenumber spectra. SeeTable I for numerical �t values.Revision 3.2: 16:31 19 June 1996 17 Harrington et al.



latitudes in an average, hence the growth of error bars at the highest wavenumbers.The upper limit for the high-wavenumber �t is the highest wavenumber resolved inthe average. The width of our image point-spread function (PSF) corresponds toabout 2� on Jupiter, and this is roughly equivalent to the smoothing performed byTravis to eliminate an aliasing problem from abrupt cloud edges in his data for theEarth. We found that smoothing the data to reduce noise also reduced our sensitivityat high wavenumbers. We have therefore not further smoothed our data, nor havewe rebinned their intensities. We also take linear rather than log averages. AlthoughTravis averages in the log, the Fourier transform is linear and other workers (e.g.,Mitchell and Maxworthy 1985, Mitchell 1982, and Julian and Cline 1974) do notmention log averaging. These averages presume that the spectra are constant overthe 19 nights and within the averaging region, which is a prediction of cascade theoryfor inertial subranges (see Background, above).We wish to search for waves and establish power laws in the presence of potentiallymany types of signals. We use the variance of the data to place an upper boundon random meteorological noise. Because the variance of a data set consisting ofGaussian random noise is proportional to the standard deviation of its exponentially-distributed, white-noise power spectrum, the Lomb periodogram is normalized ac-cording to the data's variance. Signi�cant peaks in the data appear at PSD levelslarger than unity, so one assigns uncertainties of unity to the points in the individualpower spectra.Harrington et al. 18 Revision 3.2: 16:31 19 June 1996



TABLE IPower Law Fits to Regions of the SpectraLatitude Planetary Powera Planetary Power Conf.Range Wavenumber Law Wavenumber Law (%)� Range Fit Range FitAveraged Eastward Jets:various 1 { 24 -0.720 � 0.001 28 { 60 -2.709 � 0.07 99.6Averaged Westward Jets:various 1 { 24 -0.715 � 0.001 28 { 60 -3.137 � 0.12 92.2Meridionalb:0.0 { 360.0 1 { 24 -0.361 � 0.001 28 { 60 -3.271 � 0.01 0.0Representative unaveraged spectrum from 22 March 1992:-0.5 { 0.5 1 { 24 0.118 � 0.022 28 { 60 -2.605 � 3.11 100.0Regional Averages:34.5 { 60.5 1 { 24 -0.862 � 0.001 28 { 59 -2.852 � 0.12 100.0-15.5 { 35.5 1 { 24 -0.800 � 0.001 28 { 60 -2.640 � 0.08 99.8-35.5 { -14.5 1 { 24 -0.637 � 0.001 28 { 60 -2.699 � 0.14 99.8-60.5 { -34.5 1 { 24 -0.408 � 0.001 28 { 59 -2.920 � 0.11 98.6Individual Zonal Jets:54.5 { 58.5 1 { 24 -0.826 � 0.003 28 { 42 -3.212 � 0.57 93.749.5 { 54.5 1 { 24 -0.639 � 0.003 28 { 47 -3.168 � 0.33 78.545.5 { 49.5 1 { 24 -0.823 � 0.003 28 { 50 -3.171 � 0.27 58.844.5 { 45.5 1 { 24 -0.682 � 0.006 28 { 51 -2.195 � 0.48 99.941.5 { 44.5 1 { 24 -0.752 � 0.003 28 { 54 -2.814 � 0.32 82.538.5 { 41.5 1 { 24 -1.019 � 0.003 28 { 56 -3.530 � 0.35 92.033.5 { 38.5 1 { 24 -1.031 � 0.003 28 { 59 -2.368 � 0.18 100.029.5 { 33.5 1 { 24 -1.082 � 0.003 28 { 60 -2.474 � 0.22 98.719.5 { 29.5 1 { 24 -1.336 � 0.002 28 { 60 -2.459 � 0.21 100.015.5 { 19.5 1 { 24 -0.478 � 0.003 28 { 60 -3.118 � 0.26 88.3-15.5 { 16.5 1 { 24 -0.574 � 0.001 28 { 60 -2.709 � 0.11 100.0-23.5 { -15.5 1 { 24 -0.700 � 0.002 28 { 60 -2.419 � 0.19 98.6-31.5 { -23.5 1 { 24 -0.567 � 0.002 28 { 60 -2.856 � 0.26 100.0-34.5 { -31.5 1 { 24 -0.516 � 0.003 28 { 60 -3.525 � 0.61 100.0-47.5 { -34.5 1 { 24 -0.252 � 0.002 28 { 59 -2.269 � 0.15 94.8-50.5 { -47.5 1 { 24 -0.270 � 0.004 28 { 49 -3.070 � 0.47 99.4-56.5 { -50.5 1 { 24 -0.530 � 0.003 28 { 46 -3.339 � 0.24 65.4-59.5 { -56.5 1 { 24 -0.517 � 0.004 28 { 40 -3.100 � 0.30 0.0a Con�dences for low-wavenumber �t are all less than 0.05%. These �ts are presented tocharacterize the �rst-order behavior of the region, not to establish power laws.b Longitude range stated, same spatial wavenumbers as in zonal �ts.
Revision 3.2: 16:31 19 June 1996 19 Harrington et al.



Observational error in these data is small, about 1/200 of the typical zonal vari-ance. Further, it is dominated by nearly constant background and array readoutnoise sources, rather than by the variable photon statistics of Jupiter. Thus, theseuncertainties propagate into the power spectrum as a low level of nearly-white noise.Of greater concern are the e�ects of mosaicking and mapping errors (see Paper I).Our composite images rarely contain pixels more than 45� from the central meridianand never use pixels further than 60� away. If we simulate gross mosaicking/mappingerrors by shifting 25% of the dataset by 1� (much more than we expect for such alarge fraction of the data), the fractional leakage to the adjacent wavenumber is about1.6�10-5 at wavenumber 1, 0.15% at wavenumber 10, 1.4% at wavenumber 30, and4.2% at wavenumber 50. Leakages 2 wavenumbers away are about half these values.Two 1� shifts in opposite directions, the second representing about 10% of the data,yield numbers well under twice these values. For our power spectra, these e�ects areall tiny compared to the variance. When we average over 19 nights and over a rangeof latitudes, even the variance e�ects of a single night are made small.Since we are �tting in the log, we have weighted the uncertainties by 1/PSD. Wecalculate the con�dence (probability that chi squared as poor as that calculated fromthe data would occur by chance from the �tted power law) to test the presumptionof quiescent spectrum as well as the validity of the power-law models of the �ts. Thehigh-wavenumber �ts, with one exception, all have moderate to excellent con�dence(some greater than 99.95%), so we conclude that the underlying behavior is in factHarrington et al. 20 Revision 3.2: 16:31 19 June 1996



linear in this subrange.The con�dences at low wavenumbers and in both meridional subranges are all lessthan 0.05%, indicating that the constant power-law model is not valid here. In ane�ort to �nd a linear region corresponding to the -5/3 energy cascade, we attempted�ts in the low-wavenumber region starting at wavenumbers as high as 12 (higher thanthose of all wave candidates in Table II). Those �ts still had vanishing con�dence,and also had a large distribution in their slopes. We present the low-wavenumberand meridional �ts only to characterize the �rst-order behavior of the spectra anddo not draw any further conclusions from them. Note that the spectral breakpointis close to the location (PSD=1) where the Lomb-normalization predicts signi�cantwave activity. In a region with waves the inertial assumption of cascade theory breaksdown, and we do not expect simple power laws. See Wave Search, below, for statisticson some individual wavenumbers over time.Three dynamical parameters potentially a�ect the ends of the actual subranges.These are the radius of deformation, the Rhines cascade-arrest scale, and the Rossbynumber. In addition, image quality alters the observed spectrum at high wavenum-bers. Figure 4 shows these parameters and where they appear relative to each otherand the data.First, image quality (atmospheric \seeing", optical di�raction, telescope trackingRevision 3.2: 16:31 19 June 1996 21 Harrington et al.
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Fig. 4. Scales that a�ect the observed spectra as a function of latitude. Panel Ashows the e�ect of image resolution on our sensitivity to high wavenumbers; becausea circle of longitude is smaller at high latitude, planetary wavenumber sensitivitydecreases there. Panel B shows the Rhines cascade-arrest scale (see Eq. 1) plottedover the spectral image of Fig. 2, to show how the plotted limit relates to the regionof the data where discrete waves appear (see Fig. 3 for overall spectral appearances).Panel C shows the location of three possible values for the deformation radius, Ld;from left to right these are 3,000, 2,000, and 1,000 km at 45� latitude, assuminggravity-wave speed is independent of latitude. Panel D shows the wavenumber wherethe Rossby number equals unity; values are smaller poleward of the wedge and largerwithin it. See text for further discussion.Harrington et al. 22 Revision 3.2: 16:31 19 June 1996



errors, etc.) places a fundamental limit on how small an object the images resolve.The full-width at half-maximum (FWHM) of the PSF in the images is typically 0.005{0.0075 and has a greater e�ect away from the sub-Earth point on the planet than nearit. Seeing acts much like a Gaussian �lter. To �nd its e�ect on power spectra, weconvolved sine curves with Gaussian curves of the appropriate width. We �nd that atJupiter's equator a 0.0075 FWHM PSF reduces the amplitude of the power spectrumat planetary wavenumber 60 by 50%. As latitude increases, this limit moves to lowerwavenumbers, as shown in Fig. 4A. 0.0075 corresponds to �2,500 km at Jupiter'sdistance, which allows us to be sensitive to values of the Rossby deformation radius,Ld, as small as 2; 500 km=2� � 400 km.Second, if a cascade reaches su�ciently low wavenumbers, energy can propagateaway in Rossby waves. This energy sink destroys a cascade's inertial character andterminates the linear portion of its power spectrum. The lower-limit wavenumber forturbulence in geostrophic systems is the Rhines cascade-arrest scale (Rhines 1979,Shepherd 1987), k� = s �2U ; (1)where U is the horizontal wind velocity scale, � = 2
 cos(�)=R is the local derivativeof the vertical component of the Coriolis parameter, f = 2
 sin(�), with respect tolatitude �, 
 is the planetary rotation rate, and R is the planetary radius. By usingthe zonal-wind pro�le measured by Limaye (1986), and taking U to be half the rangeof wind speeds between minima in the pro�le, we �nd the k� plotted in Fig. 4B.Revision 3.2: 16:31 19 June 1996 23 Harrington et al.



Although the atmosphere could hypothetically support waves with wavenumbershigher than the Rhines scale, our average spectrum does not show any signi�cantdiscrete features at higher wavenumbers, signifying a lack of high-frequency periodicstructure. We can therefore conclude that the e�ect on cloud opacities from high-frequency forcing | an example might be highly structured convective overshootingat the base of the stable atmosphere | is relatively weak or nonexistent. Turbulence,not waves, appears to dominate at the smallest scales, which is quite reasonable.Third, the radius of deformation, Ld, is the principal length scale at which 
uctuationsproduced by baroclinic instability enter the power spectra (Pedlosky 1987, p. 521).Ld is related to the density strati�cation via Ldf � NH = c, where N is the Brunt-V�ais�al�a frequency, H is the vertical scale height, c is the phase speed of the fastestgravity-wave mode, and the approximation is valid away from the equator on Jupiter.The midlatitude terrestrial data in the left panel of Fig. 1 show this energy input atn = 6. Ld for Jupiter is thought to be �3,000 km in the stratosphere (Conrath etal. 1981) and �1,800 km in the troposphere (Hammel et al. 1995). Ld enters theequations in the context of an inverse wavenumber, i.e., k2 + l2 + L�2d , and we haveplotted three possible values in Fig. 4C. Panel C's curves are derived from Eq. 3 ofRipa (1983): Ld = 2cjf j+pf 2 + 2�c: (2)Lacking de�nitive information, we take three values for Ld (1,000, 2,000, and 3,000km) at a latitude of 45� and plot the curves passing through them, assuming constantHarrington et al. 24 Revision 3.2: 16:31 19 June 1996



c. The shape of these curves would di�er from those presented here if c were notconstant.Finally, the quasi-geostrophic approximation, which is involved in the reduction toquasi-two-dimensional 
uid dynamics, breaks down if� = UfL > 1; (3)where � is the Rossby number and L is the horizontal length scale. Figure 4D showsthe wavenumber corresponding to the length scale where �=1 on Jupiter using thesame U as for k�. We would not expect wavenumbers higher than this value at agiven latitude to exhibit the -3 slope of an enstrophy cascade in quasi-two-dimensionalturbulence.These limits are all estimates rather than hard cuto�s, and a factor of 2 in accuracyis the best we can do for most of them (the image quality limit is somewhat betterthan this).As discussed earlier, the high-wavenumber �ts in Table 3 have power laws near -3,which mimics what would be expected in a kinetic energy spectrum if enstrophy werecascading between wavenumbers �25 and �60. Our data reveal a tendency for theslopes to be steeper at higher latitudes. The low latitudes contain more eastwardthan westward motion, and as a result the westward jet average is steeper than theRevision 3.2: 16:31 19 June 1996 25 Harrington et al.



eastward jet average.If the empirical correspondence of Travis (1978) is to be believed, then our �ts in-dicate a lack of energy input between wavenumbers �25 and �60 at most latitudes.Any signi�cant added energy in this range would cause an upscale energy cascadewith a -5/3 power law, which would disrupt the observed enstrophy cascade. Thus,the highest discrete wavenumber at which signi�cant energy enters the atmosphereis near 25 under this interpretation. The most likely candidate for the source isbaroclinic instability, and this would indicate that 1/Ld is somewhere near planetarywavenumber 25, corresponding to Ld�2,100 km at 45�. We do not see clear evidencefor an inertial energy cascade as the low-wavenumber power laws are almost neverclose to the predicted -5/3 and the con�dence level of linear �tting is low.Our results are partly similar to the conclusions of Mitchell (1982) and Mitchell andMaxworthy (1985). They derived horizontal wind vectors from pairs of Voyager im-ages to calculate the kinetic energy spectrum directly, a distinct advantage over thepresent work. Their power law exponents are -1.3 and -3, with a breakpoint at plan-etary wavenumber �45. However, the intrinsic uncertainty in wind measurementsleads to very noisy spectra. These numbers appear in �nal form without error es-timates, so we cannot quantitatively compare results, but Fig. 3 shows these slopesnext to our spectra. We agree with the -3 slope, though it is clear that our breakpointis not consistent with their location, unless that location has a large error bar. WeHarrington et al. 26 Revision 3.2: 16:31 19 June 1996



note that until we compared many nights of data, we were unable to detect the dis-crete waves that disrupt any low-wavenumber power law in our spectra (see below),and it may be the same e�ect that yields a �rst-order behavior of -1.3 rather than-5/3 in their data. The preliminary error analysis of Mitchell (1982) was done in sucha way that it might not have detected the in
uence of discrete waves.
WAVE SEARCH

The only atmospheric waves long enough to be well-resolved by our data are Rossbywaves. We envision two means by which a Rossby wave could manifest itself in ourdata. First, since the zonal winds correspond well with the banded cloud structure(Limaye 1986), a Rossby wave near the edge of a bright or dark band could give riseto a meridional undulation in the location of the edge. Second, since the dynamicalthickness of the weather layer containing a Rossby wave varies with the phase ofthe wave, the local cloud thickness could vary as well, giving rise to an undulatinglight pattern at a given latitude. Such oscillations are given by the perturbationstreamfunction in the dispersion relation derivation of Harrington (1994, Part IIAppendix D).Studying the undulations of the cloud belts at �rst appears promising. Jupiter'sbanded cloud patterns provide many regions where clouds end abruptly, so anyRevision 3.2: 16:31 19 June 1996 27 Harrington et al.



Rossby waves strong enough to in
uence these cloud borders should show up aswiggles in the otherwise-straight interface between a cloud belt and a clear zone.There are other e�ects that would cause such undulations, however, including pass-ing long-lived vortices and the spread of convected material. Errors in mosaickingand �nding the planetary center would further contaminate an edge-location analy-sis. A wave would also need to perturb a cloud belt by at least one degree of latitudeto be seen clearly. Because of these di�culties, we followed the second approach,looking for wave-like intensity variations at a given latitude.The power spectra show many discrete features, primarily at low wavenumbers. TheLomb normalization tells us the likelihood that a given feature represents an actualperiodic signal in the data, as opposed to random noise. Equations 13.8.7 and 13.8.8of Press et al. (1992) state the probability of a power spectrum containing a Lomb-normalized value greater than z by random chance (the false-alarm probability):P (> z) = 1� (1� e�z)M �Me�z; (4)where M is the number of independent wavenumbers and the approximation is validfor small probabilities. The Nyquist theorem (Eq. 13.8.2 of Press et al.) saysM = 180for our 1� bins. We wish to expect not to be fooled even once in the entire dataset,and so select a cuto� value for z such that we expect a false alarm only once in atleast twice our 121�19 di�erent spectra. Our cuto� is thus z = 13:6.
Harrington et al. 28 Revision 3.2: 16:31 19 June 1996



There were 384 locations in our averaged power spectrum image between �60� lati-tude whose values were greater than our cuto�. We �t sinusoids in the original mapsfor all 19 nights at the corresponding latitudes and wavenumbers, and derived theamplitude and phase of each wave candidate. Image-processing error exceeds the for-mal error of the phase �t, so we assigned a phase uncertainty of 1.5 pixels convertedto the appropriate angle for a given latitude plus the per-mosaic rotation uncertaintyof the particular night (see Paper I).Long-lived waves propagate at a constant speed, so it would be appropriate to �ta line to the derived phases (see Fig. 5). However, the cyclic nature of phase dataprevents the na��ve use of linear �tting; some of these data contain enough phasescycles that they appear random when plotted in System III. We therefore iteratively�t the data in a range of rotational reference frames and phase o�sets. A �t was goodif it had less than 40� root-mean-square (RMS) scatter relative to the period (i.e.,this number would be 20� of planetary phase for an m = 2 wave, 5� of planetaryphase for an m = 8 wave, etc.). By �tting the data in the frame of a good �t, weconverged to the best �t, usually in one or two iterations. If a candidate wave didnot have a frame with better than 40� scatter, we doubled the search resolution inboth speed and phase. The range of speeds searched was plus or minus 1.5 timesthe zonal wind plus 15 m/sec. We gave up our search when the resolution reached 5m/sec in the wave speed. Given the uneven spacing of our 19 nights, �nding di�erentspeeds that �t the same data well is unlikely below a relatively tight cuto� RMS. WeRevision 3.2: 16:31 19 June 1996 29 Harrington et al.
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Fig. 5. Linear �ts to the best and (nearly) worst wave candidates in Table II (theworst �t has a high velocity that makes the plot di�cult to read). Some periodicfeatures in the data propagate with near-linear speeds, making them good wavecandidates. The data on each plot are repeated vertically at intervals of one periodto show the separation of the data near the center �tted line from the equally-validdata plotted above and below. Of the 384 strong periodic features in the data, only46 show linear behavior comparable to or better than that of the right panel. Mostof these are repetitions of broad features at adjacent latitudes; there are about 24separate phenomena reported in the table. Some of these appear to follow knownfeatures from visible-light images but many remain unidenti�ed.discovered one such candidate with two �ts of similar quality at RMS �55�, so TableII presents only those candidates whose RMS is below 40�.There is some redundancy in Table II, since some features cross more than 1� oflatitude. We consider all candidates at the same wavenumber, similar speeds, andadjacent latitudes to be due to the same cause. There are thus about 24 di�erentphysical phenomena in the table. Table II additionally shows the zonal wind (fromLimaye 1986) at the latitude of a wave candidate, the �tted speed divided by thewind, the mean and standard deviation of Lomb-normalized PSD over the 19 nights,Harrington et al. 30 Revision 3.2: 16:31 19 June 1996



TABLE IILinearly Propagating Periodic Featuresm Lat. Speed RMS Wind Speed/Wind PSDa Above Cuto�(�) (m/s) (0-360�) (m/s) Ratio (# nights)2 45 -0.63 � 0.40 34.97 -0.74 0.85 23 � 16 112 46 -1.76 � 0.40 39.72 0.68 -2.59 29 � 17 172 48 -3.51 � 0.39 28.13 26.71 -0.13 47 � 16 192 49 -3.07 � 0.39 29.17 15.68 -0.20 46 � 14 192 50 -3.53 � 0.39 36.19 -2.72 1.30 40 � 14 193 -58 3.97 � 0.37 37.17 -3.30 -1.20 17 � 8 123 -57 4.37 � 0.37 37.28 -4.15 -1.05 18 � 10 123 -56 4.74 � 0.37 39.39 -0.41 -11.54 18 � 12 113 -48 -3.92 � 0.39 35.73 -1.24 3.17 17 � 10 103 -47 -3.12 � 0.40 37.82 6.80 -0.46 19 � 12 123 -46 -3.98 � 0.40 39.89 15.67 -0.25 22 � 13 133 -39 6.39 � 0.41 39.90 5.67 1.13 17 � 11 123 -38 8.36 � 0.42 30.42 12.62 0.66 17 � 8 123 -37 6.32 � 0.42 39.24 29.07 0.22 13 � 5 103 -30 3.48 � 0.43 38.70 23.29 0.15 22 � 9 164 -50 -3.17 � 0.39 31.13 -6.55 0.48 23 � 14 144 -49 -2.99 � 0.39 30.36 -7.75 0.39 25 � 14 154 -48 -3.57 � 0.39 33.53 -1.24 2.89 26 � 15 144 -35 2.73 � 0.42 35.70 9.14 0.30 14 � 6 94 -34 2.56 � 0.42 34.89 -2.37 -1.08 14 � 4 114 1 112.46 � 0.45 36.36 87.13 1.29 20 � 13 124 2 112.20 � 0.45 38.34 92.21 1.22 21 � 12 134 43 3.50 � 0.40 32.06 21.81 0.16 26 � 12 154 44 3.78 � 0.40 32.32 7.66 0.49 24 � 10 154 45 3.82 � 0.40 37.19 -0.74 -5.17 19 � 11 115 -51 1.56 � 0.39 34.78 1.59 0.98 15 � 8 105 -50 0.56 � 0.39 20.65 -6.55 -0.08 18 � 9 155 -49 0.43 � 0.39 21.01 -7.75 -0.06 20 � 9 145 -48 0.11 � 0.39 32.12 -1.24 -0.09 18 � 8 135 -32 1.44 � 0.43 37.05 -15.02 -0.10 14 � 3 135 -31 1.86 � 0.43 38.69 2.58 0.72 15 � 3 165 -6 99.14 � 0.45 39.00 114.37 0.87 13 � 9 77 -42 7.08 � 0.41 29.65 12.69 0.56 26 � 9 177 -41 7.26 � 0.41 24.95 6.41 1.13 30 � 9 197 -39 7.16 � 0.41 21.58 5.67 1.26 28 � 9 177 -38 7.59 � 0.42 39.00 12.62 0.60 22 � 9 167 -37 7.86 � 0.42 34.35 29.07 0.27 15 � 7 138 -51 1.65 � 0.39 36.82 1.59 1.04 14 � 10 108 -48 -0.03 � 0.39 38.75 -1.24 0.03 17 � 7 138 -47 -0.03 � 0.40 28.33 6.80 -0.00 17 � 6 118 5 103.57 � 0.45 33.64 101.30 1.02 23 � 9 168 6 103.46 � 0.45 34.39 102.32 1.01 27 � 12 179 -40 8.22 � 0.41 38.02 3.70 2.22 14 � 9 119 20 -3.47 � 0.44 38.15 10.13 -0.34 13 � 10 710 7 105.35 � 0.45 21.17 103.22 1.02 23 � 12 1610 8 104.98 � 0.45 21.87 101.41 1.04 22 � 11 16a Average Lomb-normalized power spectral density over 19 nights.Revision 3.2: 16:31 19 June 1996 31 Harrington et al.



and the number of those nights where the PSD was greater than our cuto� of 13.6.By searching visually in the map image of 22 March, we have a preliminary identi�-cation for some of the candidates. The wavenumber 2-3 candidates are all in regionswith clusters of brighter features spaced relatively evenly in longitude. The cluster-ing is more evident in the north than the south. The wavenumber 3 candidate at-30� is very likely related to the lower edge of the GRS; the power spectra there showcontinua of power. Wavenumber 3 probably propagates linearly because of the brightfeature at -35� latitude, 120� away in longitude. At the higher wavenumbers, someof the candidates are due to sequences of individual features that are evenly spaced,or combinations of these and brighter areas of their latitude. Finally, the last candi-dates are clearly related to the equatorial plumes, being located at latitudes crossedby a sequence of diagonal brightenings. We were unable to identify causes for somecandidates in the table. We leave for future work the determination of why thereare periodic, propagating brightenings at some latitudes. It is worth noting, againwithout explanation, that the lower-wavenumber features at latitudes near -47� movewith a signi�cant fraction of the zonal wind, but the higher-wavenumber features areall stationary in System III. This precludes a simple Rossby wave interpretation.This description of features is tentative and awaits a more thorough comparison todata at other wavelengths.With two possible exceptions (wavenumber 3 at -58� and -30� and wavenumber 5Harrington et al. 32 Revision 3.2: 16:31 19 June 1996



at -51� and -32�), we did not �nd pairs of candidates at the same wavenumber andspeed but at di�erent latitudes. A population of such features would support thebanana-cell convection of Hart et al. (1986a,b). If the convection underlying theatmosphere follows the banana-cell pattern, any resulting variation in cloud opacityis too weak for us to detect.
CONCLUSIONS

Our power spectra show that Jupiter's cloud opacities follow a power law at planetarywavenumbers above �25; the exponent is near -3. Variation among latitudes issometimes larger than the formal errors of the �ts, but not out of line with thatreported in the literature for the Earth (Julian and Cline 1974). The spectra awayfrom the equator are steeper than those near the equator. Although the theory ofatmospheric turbulence has not yet been connected to cloud opacity spectra, ourpower laws approximate the k�3 enstrophy cascade spectrum at high wavenumbers.There is prior observational evidence (Travis 1978) that cloud opacity spectra mimickinetic energy spectra, in which the enstrophy cascade is found. If this is the case,then our results indicate that there is no signi�cant energy input scale larger thanplanetary wavenumber �25, since that would cause an upscale energy cascade with a-5/3 spectrum and would disrupt the power law we observe. We believe it likely thatthe top of the -3 power law range is associated with Ld, the presumed input scaleRevision 3.2: 16:31 19 June 1996 33 Harrington et al.



of baroclinic instability. Although there is not a strong peak at this wavelength, asthere is for the Earth's northern hemisphere, detecting it at all suggests that localbaroclinic instability is potentially a signi�cant process on Jupiter. If this is the case,then the corresponding value for Ld at 45� latitude is �2,100 km.The �rst search for planetary-scale waves on Jupiter in 5-µm data, conducted byMagalh~aes et al. (1989, 1990) and based on rasterizing Voyager IRIS data, did notdetect waves. That study did �nd periodic thermal features in the upper troposphereand both it and the studies by Deming et al. (1989) and Orton et al. (1991) de-tected slowly-moving thermal features in the stratosphere. Signi�cant improvementin spatial and temporal resolution over the spacecraft study have enabled us to reportabout 24 separate periodic variations in tropospheric cloud opacity that propagatelinearly in time. Some of these are due to well-known features, such as the equatorialplumes. Others raise the question of their underlying causes, which we leave for fu-ture work. We note that only by incorporating data from all 19 nights of observationand using the Lomb method were we able to identify any propagating waves at all.Our preliminary analysis of the six nights with full longitude coverage (Harrington1994) did not identify any waves.Although the appearance of Jupiter did not change on a large scale in our 99 days ofobservation, its appearance at 4.9 µm has been markedly di�erent in other years. Forexample, sometimes the rim of the GRS is very bright and the entire latitude bandHarrington et al. 34 Revision 3.2: 16:31 19 June 1996



of the GRS is among the brightest and most active on the planet, rather than thedarkest. It would be interesting to calculate spectra in the GRS region without anobscuring cloud band. It is possible that the dynamics that cause changes in clouddistribution could also excite wave activity, so it may be worthwhile to perform asearch similar to this one when Jupiter's appearance is changing.
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